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Submission of Published Works for the Award of 
the Degree of Doctor of Philosophy
Eur lug A W E  Henham BSc(Eng) CEng FIMechE FInstE MRAeS 
Department of Mechanical Engineering, University of Surrey
INTRODUCTORY STATEMENT
The research described in the published work submitted has been carried out entirely 
during the authors period of employment in the University of Surrey. The work on 
which the publications are based was conducted either in the University or on site in 
the course of contracts placed with the University by industry and the public sector. 
None of this work has been submitted for any other qualification.
The papers are divided into two main groups. The linking theme is the efficient use 
of energy with which is associated the optimisation of processes in industry and 
transport, utilization of alternatives to fossil fuels and systems and education for the 
management of energy in industry and the public sector.
Energy and Engines for Transport and Stationary Power
This section begins with an invited review paper, including a literature survey, 
concerning the sources, effects and control of atmospheric pollution (1). This is 
mainly concerned with that pollution resulting from combustion of fossil fuels in 
power plant for both stationary and transport applications, a topic which has come into 
much greater prominence in recent times than at the time this was written.
Also dealing with both transport and stationary power installations is an invited paper 
published by the Institute of Energy examining the analysis of dual purpose energy 
systems (2). This is particularly concerned with increasing the proportion of the input 
energy utilized in the production of power and heat transfer. It relates the 
thermodynamic considerations of the First and Second Laws to specific applications in 
automotive compound cycles, combined heat and power plant (based on a project 
supervised by the author in the frozen food industry) and engine-driven heat pumps.
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Two papers, one published in Beyond the Energy 075/5and the other in Resources 
and Conservation look at the total energy requirements for the automobile including 
both capital and running components (3,4). This work was carried out in 
collaboration with a part-time MSc course student whose dissertation was supervised 
by the author. The papers analyse the manufacturing energy requirements for cars of 
various types and the effect of changes in materials and design on both this and the 
energy used in propulsion. The author was invited to be a member of the Energy 
Committee of the Institution of Mechanical Engineers which was set up to produce an 
Energy Policy Statement for the United Kingdom. He was responsible for 
researching energy utilization in transport and contributing a section on that subject to 
the detailed papers supporting the policy statement (5) and for presenting this to a 
meeting held at the Institution. Material from this, also drawing on the discussion at 
the seminar, was included in a centrally edited publication which members, including 
the author, presented to a meeting of Institution members and others and which was 
then submitted to the Department of Energy (6). The whole of this statement is 
included as, although the author contributed the material on transport, the document 
was the result of a corporate activity.
Work on the development of engine combustion systems was begun in the Department 
of Mechanical Engineering by the author in 1978 with a feasibility study, not published 
or included here, into possible future configurations of fuel air mixture production and 
combustion chamber design to minimise exhaust emissions and fuel consumption. 
The main options in the spark-ignition field were stratified-charge and lean-bum. The 
former had been extensively studied in the USA and, to some extent, in France and 
other European countries. Little appeared to be published on the subject of 
homogeneous, lean-bum operation and it was thought appropriate to look into the 
factors affecting the operation of engines using this approach. Combustion chamber 
design, particularly as it affects in-cylinder turbulence, was identified in a paper 
(published by the Institute of Energy) as a key parameter. Turbulence was established 
as enabling steady combustion to be established over a wider range of air: fuel ratios 
than is possible in a quiescent chamber (7). When the work was broadened to include 
the combustion of oxygenate fuels it was also found that these further extended the 
range of equivalence ratios possible, lowering considerably the lean limit of reliable 
combustion, reported in a paper in Energy from Biomass (8). This work was 
undertaken on two four-stroke, single-cylinder engines with modified cylinder heads 
in the authoFs laboratory. One was a single-chamber engine having a flat cylinder 
head with a specially designed, offset recessed piston to create turbulence and the other
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a divided head engine based on a pre-chamber diesel with lowered compression ratio.
A University of Surrey report describes this work and gives a comparison of the 
characteristics of the two types of combustion chamber when compared with a disk­
shaped quiescent chamber (9). Computer modelling work, some of which forms part 
of a PhD degree thesis supervised by the author, provided additional understanding of 
the processes involved by enabling estimates to be made of the flame speed and of the 
fuel burning rate. This aspect of the research programme is described in papers in 
the International Journal o f Vehicle Design {10) and mEnergy from Biomass (8).
Following this work and study of the requirements of several countries, consideration 
was given to the prospects for the wider use of alcohol fuels derived from biomass. 
These appeared to be especially important for future progress in the developing world 
where imported petroleum demanded precious foreign currency at the, then, high 
international oil price. In many of these countries agricultural land was abundant and 
there was surplus rural labour so that the cultivation of crops for biomass energy was 
potentially beneficial in social terms. The most widely used type of engine in the rural 
situation in such countries is the small, single or twin cylinder diesel engine of a few 
kilowatt rated power. These are employed for pumping, small-scale power 
generation, milling and grinding crops. Related units are used in driving light 
vehicles. The diesel has advantages in its higher compression ratio but, more 
particularly, in its high part-load efficiency. Little work had been published in the 
field of diesels using alternative fuels produced by distillation of biomass and so this 
was selected as an appropriate field for further investigation. The possible approaches 
to this are summarised in an invited paper for the International Journal o f  Ambient 
Energy (11). After consideration of these methods, an SERC grant was obtained and 
a modified single-cylinder, four-stroke, direct-injection diesel engine was installed in 
the laboratory in place of one of the spark-ignition engines mentioned above. The 
modifications included a new combustion system incorporating combustion initiation 
aided by a high-frequency, repeated high-energy spark. In view of the low calorific 
value of alcohol fuels a separate, larger capacity, pump replaced the standard, fixed- 
timing version. The replacement incorporated an indexing drive system to enable 
injection timing to be investigated as a variable. The equipment and some early results 
are described in papers in Proceedings published by the Institute of Energy ( 12), in 
Biomass for Energy and Industry (13), and in Renewable Energy Sources for the 21st 
Century ( 14). As the work continued it was found that there was a considerable 
range over which the engine would operate and that the injection and ignition timing 
could be optimised to give an overall thermal efficiency on ethanol (potentially the most 
widely available liquid fuel from biomass) comparable with that on gas oil.
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Combustion analysis continued alongside the investigation of fuel consumption to try 
to establish what were the factors inside the combustion chamber which led to 
optimum operating conditions. This led to conclusions that the engine operated either 
like a lean-bum spark-ignition engine with early injection or as a stratified-charge 
engine when injection was nearer top dead centre. These investigations led to the 
realisation that a much simpler spark-assistance system than that developed for the 
experimental rig would suffice in practice and that this could be made from widely 
available automotive parts. Stages in the development of the optimised engine 
combustion system and the results obtained from it are described in papers in the 
Proceedings o f the VIII International Symposium on Alcohol Fuels, Tokyo (15), the 
IntemationalJoumal o f Vehicle Design (16) and the Proceedings o f the Institution o f 
Mechanical Engineers (17). An extension of this optimisation process, showing that 
methanol as well as ethanol gives performance equal to gas oil, is published in 
Proceedings by the Institute of Energy (18). A review of all the work undertaken for 
the SERC project was requested for a meeting between industry and universities and 
polytechnics to be published in the Proceedings o f the Institution o f  Mechanical 
Engineers{\9).
Alongside this the author was asked to act as an adviser to the Universiti Teknologi 
Malaysia (UTM) and, as part of this British Council project, became involved in 
collaboration in a project on the combustion of palm oil in diesel engines. The 
arrangements included visits by the author to UTM and to the Palm Oil Research 
Institute Malaysia with which it was involved. Co-supervision was provided for a 
junior member of staff at UTM who was able to spend a short time at Surrey to help 
him establish his programme and to learn laboratory and modelling techniques. As a 
result of this collaboration two joint papers were published, one in Proceedings by the 
Institute of Energy (20) and the other in Biomass for Energy and Industry (21).
A paper describing the various projects in alternative fuels for diesel engines has been 
published in Proceedings o f the Institution o f Mechanical Engineers (22). In 
conjunction with this work on a wide range of fuels, the author was invited to 
contribute a paper to a United Nations Seminar on small scale power generation. This 
concerned choice of fuels for this purpose especially for the developing countries (23) 
and the author was also invited to act as technical editor for the seminar proceedings.
In addition to the papers listed the author has given seminars on the topics of 
Alternative Fuels for Engines and of Transport Energy in England (University of 
Sussex), Italy (Politechnico di Torino and Istituto Motori, Napoli), Thailand (Asian
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Institute of Technology) and Malaysia (Universiti Teknologi Malaysia) and on 
Pollution Control in Spark-ignition Engines (at UMIST). In addition to the research 
degree supervision mentioned above, the author has supervised a PhD concerning the 
vehicle energy implications of road junction design and co-supervised an MPhil on the 
analysis of a novel engine design. He has also acted as a consultant for industrial 
clients and a report illustrating this kind of activity is included in the Appendix (24). 
Some other projects (eg for BOC, Grand Metropolitan Innovation Centre and Johnson 
Matthey) were of a confidential nature and are not included. He was an External 
Examiner at Brunei University for an MPhil degree concerned with alternative fuels for 
engines.
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Energy Engineering, Management and Education
As a Lecturer in Thermodynamics the author had been involved in the analysis of 
energy-efficient processes and cycles in the regular undergraduate teaching 
programme. He became responsible for the setting up and direction of a Master’s 
degree course in Energy Engineering, sub-titled the Utilization, Optimization and 
Management of Energy. The first intake of this course was in 1978 and its, mostly 
mature, students have been drawn from many industries and the public sector and there 
have been students from 25 countries in Europe, Africa, Asia and Central and South 
America. In the course of this 45 individual study projects on a wide range of energy 
engineering, planning and management topics have been supervised by the author. 
This course has resulted in a wide range of contacts with industry and the public sector 
in the UK and overseas. Short courses in specific areas of energy engineering and 
management have been run for industry, government and a professional institution, in 
the UK and in Portugal. In addition to the papers listed in this presentation of work, 
many seminars in this field have been given in England, Scotland, Malaysia, 
Singapore and Thailand. In the same subject area the author has acted as External 
Examiner for the BEng and BEng Honours Degree in Energy Engineering at Napier 
Polytechnic of Edinburgh and for a PhD thesis in the University of Wales and has been 
a member of validation committees for CNAA BEng degrees at Napier and Kingston 
Polytechnics.
A series of papers have been given on the philosophy and practice of the provision of 
educational and advisory services in energy engineering and management. The first of 
these was published in Energy Use Futures (25) following presentation of a paper at 
the 2nd International Conference on Energy Use Management in Los Angeles. The 
author has been involved with the Energy Management movement in the UK at 
national level, in particular as a Member of the National Energy Management Advisory 
Committee and Chairman of its Education Sub-Committee and at local level as 
Founder-Chairman of the Guildford Energy Management Group (and of its successor, 
the Thameswey Group). In this connection he was asked by the Department of 
Energy to give a paper to the National Energy Management Conference (26). The 
European Society for Engineering Education (SEFI) arranged the 2nd World Congress 
in Continuing Engineering Education and a paper considering the continuing education 
opportunities and the University of Surrey experience in this was presented at this and 
published in the Proceedings (27). In the following year the Curriculum 
Development Group of SEFI arranged an International Seminar on Energy Studies and 
the author was invited to contribute a more detailed paper to this, subsequently
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published in a SEFI Proceedings volume (28). The specific aspects of university- 
industry co-operation, vital to the concept of the Surrey MSc in Energy Engineering, 
were covered in another SEFI Conference and its Proceedings (29). Experience with 
the design, management and delivery of short courses for industry and the public 
sector has been described in a paper for the Institute of Energy Conference in Industrial 
Energy Management (30). The author has served as an invited member on the 
Education Sub-Committee of the Watt Committee on Energy and on the Energy 
Committee of the Institution of Mechanical Engineers.
The authoFs involvement with energy engineering and management in industry has not 
been restricted to the educational aspects. Consultancy and contract research work has 
been undertaken for a number of companies. In addition many postgraduate student 
projects and case studies have given the opportunity to become involved in a wide 
variety of energy applications in commercial and industrial buildings, processes, 
hospitals, public buildings and defence establishments. Some of these engineering 
applications of energy efficiency analysis have been described in papers at conferences 
and in subsequently published proceedings. The European Conference in the 
Economics and Management of Energy in Industry (held in Portugal) the author 
presented a paper, subsequently published in Energy Economics and Management in 
Industry (31), and chaired a session on Energy-Intensive Industry. A paper for a 
Conference in Bilbao described the co-operative aspects of the links between the 
University and industry in a range of projects also published in the Conference Volume 
(32).
A contract to examine the feasibility of utilizing steam generated from hospital waste on 
a year-round basis was undertaken by the author for a district health authority with 
additional support by the Department of Health. This involved investigation of 
historic data and of current operation, a continuous trial and energy and economic 
analysis of possible plant configurations. The work was reported, with the 
permission of the sponsor, to the Institute of Energy’s Applied Energy Research 
Conference in Wales and published in Applied Energy Research (33) and, in detail, in 
the full report to the sponsor in the Appendix (40)
The author was awarded a contract to investigate various aspects of energy use in the 
printing and publishing industry. Some of the projects described as case studies in the 
publications mentioned above derived from this work which was done in conjunction 
with Anco Engineers Inc of Los Angeles. Energy surveys were made of a number of 
printing and book production plants and a paper mill and detailed studies of steam
A W E  Henham_______________________________ Introductory Statement
production and distribution made. As a result a number of modifications to existing 
processes and practices were proposed and some of these were installed by the client. 
The reports on these projects, which are in the Appendix, were distributed only within 
the company concerned (34, 35, 36, 37, 38). A similar analysis was done for a 
company manufacturing secondary cells (mainly lead-acid) in which there were 
unusual processes requiring special consideration (39).
Energy and the Environment
In the work on energy from hospital waste disposal, efficiency in the printing industry 
and in the secondary cell production plant there were serious environmental restrictions 
to be considered alongside, and sometimes conflicting with, energy efficiency. This 
is a continuing theme through the work presented on both engines and energy 
engineering. Indeed, now that the successful operation of diesel engines on low- 
cetane fuels has been established, that work is continuing with more emphasis on the 
environmental aspects. The current political interest in such matters as the greenhouse 
effect, atmospheric lead, the ozone layer, safety of nuclear power plant and the 
disposal of its waste has raised public awareness of the potential damage caused by 
energy conversion processes. In its wake this has brought about a re-emphasis on the 
efficient use of all energy forms which is the basis of the work reported in this 
collection of papers.
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A W E  Henham Paper 1
Atmospheric Pollution: 
sources, effects and controls
A W E  Henham
Presented at the Conference on Urban Development, 
Environment and Pollution, European Conservation year 
at Guildford 1970
EUROPEAN CONSERVATION YEAR
Conference on Urban Environment, Development and 
Pollution
ATMOSPHERIC POLLUTION - Sources, Effects and Control 
A W E  HENHAM
1.0 ATMOSPHERIC POLLUTION - INTRODUCTION
Before examining the causes, effects and cures of air pollution we must pause for a 
moment to decide what we shall regard as pollution. The easiest solution to this 
problem would be to define "clean air" as 78.09 % Nitrogen, 20.95 % Oxygen, 
0.93 % Argon, 0.03 % Carbon Dioxide with small quantities of Hydrogen, Helium, 
Neon and other inert gases and a variable quantity of water vapour depending on the 
local humidity. Whether such standard reference clean air is actually to be found in 
natural surroundings on the Earth's surface is another question. As an example it is 
said that in early tests GM laboratories put air through five stages of filtration before 
supplying it to engines used for emissions research. Perhaps it is easier to identify 
the unpleasant, the harmful, substances and to say that clean air is air from which these 
are absent. Carbon Monoxide, Aldehydes, Oxides of Nitrogen, for example. Many 
such substances, at large in the air we breathe, have not been listed. One authority 
says that 70 % of urban air contaminants have not yet been identified. For the time 
being, however, this approach will suffice: find  the substance causing damage or loss 
of amenity, trace its life history, discover its source, either eliminate its formation or, at 
least, into the air.
President Nixon (1), in a recent statement on pollution control said, "...no longer is it 
enough to conserve what we have; we must restore what we have lost." In the air, 
though, this may not be desirable! John Evelyn in the mid 17th Century wrote about, 
"The Inconvenience of the Aer and Smoak of London," saying that the city "resembled 
the face rather of Mount Aetna, the Court of Vulcan, Stromboli, or the subjects of Hell 
than an Assembly of Rational Creatures and the Imperial Seat of our Incomparable 
Monarch." Neither had matters improved 150 years later when Shelley (2) wrote, 
"Hell is a city much like London - A populous and smoky city." This one pollutant, 
smoke, has abated in the intervening years and for the first time in 250 years it has been 
considered worthwhile to clean up the stonework of St Paul's Cathedral. The thick.
yellow, London smogs of only a few years ago are no longer with us. So why all the 
fuss?
Basically the desire for cleaner air now stems form the need to reduce the harmful, 
though mostly invisible and in some cases odourless, contaminants. Attention was 
focussed sharply onto this problem by events in one or two trigger points, 
predominantly in the Los Angeles Basin. Here is a region bounded by mountains and 
the sea, forming an extremely localised atmosphere, movement of which is often 
severely restricted additionally by a temperature inversion layer in the atmosphere. 
Into this stagnant volume of air are discharged the products of an increasing 
population, developing industry and a rapidly expanding motor vehicle population 
which trebled in the 24 years from its 1940 level of 1.2 million. These influences, 
combined with the effect of strong sunlight on the polluted air, aggravated the situation 
to the point where some smog was experienced on about two-thirds of the days in each 
year.
These conditions are not experienced in the same combination in all parts of the world 
but they have attracted attention to the possible results of rapid growth in population, 
industrial and automobile density in limited areas of urban communities.
2.0 COMPONENTS AND THEIR SOURCES
The pollution of the air arising from man-made devices is most easily divided into:
(a) products of production of specific substances in chemical and industrial plant 
and
(b) products of the combustion of fossil fuels.
It is only the second category with which this paper is concerned since other 
contributors will deal with the former.
Combustion takes place for various purposes:
• Domestic heating,
• Heating large premises,
• Heat supply for industrial processes,
• Destruction of refuse,
• Steam raising for industrial purposes,
• Steam raising for electrical power generating plant,
• Part of the gas turbine cycle for power supply and aircraft propulsion,
• Internal -combustion engines for industrial and electrical power,
• Rail and road transport and small mobile plant.
2.1 Fuels and Combustion
In order to investigate the substances produced by these varied devices it is necessary 
to examine the fuels used and the way in which fuel is introduced, mixed with air, 
ignited and the products exhausted since all these aspects control the composition of the 
final products. Fossil fuels essentially contain various compounds of carbon and 
hydrogen but will include other natural substances, the presence of which may be either 
unnecessary to the combustion process (eg water) or undesirable (eg sulphur). 
Deliberate additives may be included for the benefit of the plant which is running on the 
fuel (eg Tetraethyl Lead, Pb(C2H5)4 in gasoline).
2 .11  Continuous Combustion
The chemical composition of coal varies considerably from one source to another but 
the analysis of one type in use in the electricity generating industry is (by mass):
C: 62.1 %, H: 3.9 %, O: 5 %, N: 1 %, S: 1.5 %, water: 12.5 %, ash: 14 % (3).
This coal, used in a power station boiler, would be pulverised, mixed with air and 
burned in a large furnace lined with tubes through which steam passes. Since more air 
than the minimum necessary (stoichiometric) quantity is supplied complete combustion 
should occur and oxygen will be present in the flue gas as well as carbon dioxide and
water vapour, the two normal and not undesirable products of combustion of any 
hydrocarbon fuel.
The main products of combustion would be approximately as follows:
CO2: 13.05 %, H2O: 6.7 %, N2: 75.6 %, O2: 4.56 %, SO2: 0.11 %.
Additionally there will be small traces of oxides of nitrogen (700 ppm), CO (17 ppm) 
and some conversion of SO2 to SO3 giving about 12 ppm. The flue gas will also 
contain suspended particles, especially of ash.
Fuel oil, used in almost identical plants, will contain a different proportion of carbon to 
hydrogen, some sulphur and a very small amount of ash. A typical composition may 
be:
C: 84.9 %, H: 11 %, O: 1 %, S: 2%, water: 0.05 % , ash: 0.05 % (3).
The products of combustion (with the much smaller excess air quantity used) could 
give an analysis:
CO2: 13.5 %, H2O: 10.6 %, N2: 74.8 %, O2: 1.0 %, SO2: 0.1 % and smaller amounts 
(as for coal) of NOx: 1000 ppm, CO: 8 ppm, SO3: 12 ppm, unbumed hydrocarbons: 
32 ppm, particulate matter: very small amount.
It is a feature of continuous combustion under properly controlled conditions that the 
CO and HC production is very small. The main pollutants produced by such plant are 
smoke (suspension of unbumed carbon, mainly), resulting from cooling of the flame 
in localised regions, and sulphur dioxide.
In the gas turbine fuel is also burned continuously but under very different conditions. 
Here the amount of excess air is very high (eg 400 %) and CO and HC form a very 
small part of the exhaust. Smoke will form in areas of local fuel surplus and remain 
unreacted because of the addition of cooler air later in the combustion chamber. An 
aircraft gas turbine (jet) engine may have this exhaust analysis: (take off conditions 
after idle):
CO2: 2.7 %, H2O: 2.7 %, N2: 78 %, O2: 16.6 %, HC: 5 ppm, CO: 7 ppm,
NOx: 110 ppm, particulates: 0.007 kg/kg fuel.
While these figures seem low in the problem substances, it must be remembered that 
the gas turbine handles vast quantities of air. it has been estimated that the arrival of a 
Boeing 707 at an airport deposits about 11 kg of carbon monoxide, 5 kg of oxides of 
nitrogen and 2 kg of hydrocarbons as well as pure carbon particles (about 11 kg). It
is thought that for a busy airport this could in one day equal the production of these 
pollutants from all other sources in the city (4,5,6).
Stationary gas turbines run on heavier oil and produce ash and sulphur dioxide in 
addition.
2 .12  Combustion in the Compression-Ignition Engine
In the compression-ignition or Diesel engine air is compressed in the cylinder to a high 
temperature and pressure and fuel injected, igniting by contact with the veiy hot air and 
metal surfaces . More than the minimum quantity of air required may be taken into 
the cylinder since the airifuel ratio need be right only in the flame region. Carbon 
monoxide concentration should, therefore, be very low. Products of combustion 
depend on the quality of fuel used - large, stationary power plant bums fuel oil similar 
to that used by large steam turbine plant, while road transport and light power plant 
applications use derv or gas oil which is lighter than this and contains less sulphur. 
Smoke is produced only on high load engine settings when the fuelling rate is high and 
CO also appears in small quantities in these conditions. At three-quarters full-load 
the products may typically contain: CO: 0.18 %, HC: 90 ppm, 850 ppm NOx and 
some particulates (7).
2 .13  Combustion in the Spark-ignition Engine
In the spark-ignition engine, fitted to the typical motor car, air and fuel are mixed in the 
carburettor, distributed and the fuel further evaporated in the manifold, taken into the 
cylinders, compressed and then ignited by means of a spark. In practice for most 
conditions (including idle, acceleration and the beginning of deceleration) more fuel 
than the stoichiometric proportion is used. Using a simple chemical balance the result 
of buming a mixture 10 % rich in fuel would appear to be:
CO2: 11.1 %, CO: 2.5 %, H2O: 13.9 %, N2: 72.5 %.
A phenomenon known as chemical equilibrium intervenes, however. At high 
temperatures some compounds partially dissociate and other compounds may be 
formed. The proportions of these substances can be calculated using the 
thermodynamic properties. At a temperature 3000 K and pressure 55 bar the above 
products would become:
CO2: 8 %, CO: 5 %, H2O: 13 %, N2: 70.1 %, H2: 1.2 %, H: 0.25 %, OH: 1.4 %,
O2 : 0.4 %, O: 0.1 %, NO: 0.65 %.
NO appears as a result of the presence of nitrogen and oxygen at high temperature and 
pressure. The substances formed under these circumstances might be expected to 
revert to their original forms when the conditions change. The rate at which reactions 
take place is also governed by the laws of chemical processes and the return of NO to 
its elements is a slow rate process when the residence time in the exhaust system is 
considered. A considerable quantity remains in frozen equilibrium.. The resulting 
exhaust from an automobile engine running 10 % fuel rich may be:
CO2: 10.2 %, CO: 3.4 %, H2O: 15.2 %, N2: 71.4 %, HC: 450 ppm, NO%: 180 ppm. 
In addition lead compounds will be present because of the use of lead alkyls as 
combustion control additives.
2 .2  Evaporative and Crankcase Emissions
In addition to the exhaust the effects of other sources of pollution must be considered 
in the case of the spark-ignition engine. Some hydrocarbon/air mixture escapes into 
the crankcase past the piston during the compression process and has, in the past, been 
exhausted into the atmosphere. Gasoline is necessarily a volatile fuel and some 
components inevitably escape from the fuel tank vent and carburettor float chamber. 
Approximate proportions of the total hydrocarbon emission are: 
crankcase: 20 %, tank and carburettor: 15 %, exhaust: 65 %.
Note: In general the stationary type of plant works at reasonably constant conditions, 
whereas transport applications require satisfactory operation at a wide range of loads, 
possibly with widely and rapidly varying power and speed demands, and with ambient 
temperatures, pressures and humidity at any value encountered in the range of activity. 
Combustion products are, therefore, much less consistent in transport power plants 
than in stationary ones.
3 .0  QUANTITY AND DISTRIBUTION
Estimates of the quantity of various contaminants present in the atmosphere vary 
wildly. With regard to health, what is important is the amount present at the level at 
which people live. Considerable work has been done by health authorities and 
research bodies in the USA and Europe to determine the amount of these substances in 
the air we breathe and how this varies during the day and the seasons of the year and 
possible correlation with the activity of various sources. Carbon monoxide levels of 
100 ppm have been measured occasionally in London streets (9) while lower peaks are 
recorded in Paris (10) and in the USA (11). The proportion of pollutants retained in a 
local area depends on the natural ventilation, consequently wind direction and speed, 
building height and density all play a part in this.
Myers (12) has estimated the quantities of various pollutants emitted annually in the 
belt 30 ° to 60 ° N latitude, which is thought to contain about lO^  ^g of air:
Substance Natural events Man-caused events
g g
particulates 1.0 x lO^  ^ 1.0 x 10^^
carbon monoxide 0.2 x 10^^  2.0 x 10^^
carbon dioxide 2.0 x 10^^  2.0 x 10^^
lead negligible leaded fuel 2.0 x 10  ^^
 _______________________________ storage battery 4.0 x 10^^_________
Nitrogen oxides are produced by nature at a rate about four times that by man-caused 
events but it must be remembered that nature tends to produce its airborne emissions 
over a large part of the land mass, much of which is uninhabited, but man-caused 
events take place by their very nature in small highly populated areas. Sulphur dioxide 
is largely man's responsibility but only forms a small part of the total sulphur present.
It has been estimated (13) that in Britain in 1967 output of various substances 
attributable to vehicle emissions were as follows (compared with estimated annual 
totals):
Substance gasoline vehicles diesel vehicles all sources
g g g
CO 5.7 X 1012 0.086 X 1012 12 X 1012
HC 0.28 X 1012 0.017 X 1012
NOx 0.19 X 1012 0.053 X 1012
SO2 0.02 X 1012 0.034 X 1012 6.3 X 10.12
Again it must be remembered that only about 1 % of the surface considered contains 
urban settlement and that most man-caused pollution takes place in these small areas 
where, for example, CO levels can be 25 times those in the country. Not all the 
emission remains local, however, and wind conditions do share it out to the extent that 
otherwise 'clear' areas of the South coast of England and parts of Scandinavia 
experience loss of visibility owing to air flow from industrial areas of continental 
Europe. Dispersion is necessary to avoid intense local ground level pollution and can 
be encouraged by such measures as the use of tall chimneys (eg power station 
chimneys 180 m to 200 m high giving efflux velocities of over 20 m/s) (14).
4 .0  THE EFFECTS OF AIR POLLUTION
The effects of air pollution are many and varied. Each contaminant has its own effects 
some of which may simply add to the effect of other constituents, while others have a 
synergistic effect, the result of combining the two substances giving a result far 
exceeding, or even quite different from, that of either by itself. The effects about 
which we are most sensitive are, of course, the short -term ones- those we can see, 
smell or otherwise experience at the time of exposure. An exhaustive list would be 
impossible in this context and only the more widespread and apparently important will 
be discussed here (15).
4.1 Carbon Dioxide
Not normally regarded as undesirable, since it occurs naturally in large quantity and is 
inert, CO2 does absorb longer wave length infra-red radiation from the earth's surface 
during its cooling down periods. A considerable increase in the proportion of CO2, as 
the balance between combustion of fuels and the amount of plant life present changes, 
may be sufficient to raise the earth's temperature by a few degrees with sequential 
ecological changes. This "greenhouse effect" is of dubious significance because of 
other balancing changes. The most catastrophic result of this, if unmoderated, could 
be a considerable rise in sea level through melting in the polar ice regions.
4.2 Carbon Monoxide
Also colourless and odourless, CO is far from harmless. Taken into the lungs it 
combines with haemoglobin to form carboxy-haemoglobin which it does in preference 
to the normal combination with oxygen by a factor of about 200:1 and in addition 
depletes the proper use of that oxygen which does combine. Progressive effects with 
increasing concentrations are noted from impairment of visual perception and the 
performance of fine tasks (a particular hazard in the traffic situation) to headache, 
nausea and ultimately (in very large concentrations) death.
4.3 Hydrocarbons
The individual effect of the various members of the hydrocarbon family is not proved 
to be serious. Some substances have been shown to produce carcinogenic reactions in 
animals (notably 3:4 benzpyrene) but direct correlation between this and lung cancer 
has not been established. The levels of concentration in air are so small and the records
of exposure of particular subjects are impossible to trace, the importance of 
hydrocarbons would seem to lie in their synergistic effects to some extent with CO and 
more importantly in some locations in the formation of photochemical smog.
4.4 Oxides of Nitrogen
Nitrogen dioxide is itself a highly toxic gas, small quantities of which can be extremely 
harmful to lung tissue, but the effect of nitric oxide does not appear, by itself, to be 
significant. That oxides of nitrogen have been brought into the list of major 
contaminants is largely due to the part played in the synthesis of the "Los Angeles 
photochemical smog". N02, subject to sunlight, releases atomic oxygen which is free 
to combine with the molecular oxygen to produce ozone.
The existence of ozone, together with hydrocarbons, produces free radicals which 
further react with hydrocarbons to form peroxyacylnitrates (PAN) Fig A. These with 
ozone and aldehydes cause reduction in visibility, eye irritations, odour and damage to 
organic substances. Until recently the atmosphere of most cities has been so smoke 
laden that the necessary sunlight for these reactions has not been available but the effect 
may now become more widespread. Sunshine levels in this country do not seem likely 
to put our towns on this particular danger list.
4.5 Sulphur Dioxide
50 2 is converted in the atmosphere to sulphuric acid with obvious effect on plant life.
503 also forms sulphuric acid (by direcdy combining with moisture).
4.6 Particulates
Various sizes and substances are involved in the particulate pollution in the 
atmosphere. Some settle, combining their effect with the large amount of natural 
dustfall, others remain for very long period in suspension. Carbon, tarry substances 
and mineral compounds have the effect of reducing visibility and of long-term 
discolouration of our surroundings, both plant life and buildings. Small particulates are 
not filtered out during their passage through the outer regions of the respiratoiy system 
(as are the larger ones) and so they do reach the lungs.
The human body works to an equilibrium between the lead intake and output. Lead 
taken in from food and water is treated differently from that inhaled. Lead from the
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atmosphere (and more significantly from local and voluntary air pollution, i.e. 
smoking) is absorbed more readily into the blood stream. Industrial regulations limit 
exposure to 200 pg/ m  ^ and there is no record of general air levels remotely 
approaching this.
1 1
5.0 CONTROL OF POLLUTION
In order to control pollution, the standards of air quality at which the area in question is 
aiming must be clearly specified. The next step is to relate this to the acceptable 
quantity of a particular constituent each source of each type is to be allowed to emit. 
This already difficult step is made more so by the problems of acquiring accurate 
statistical data about the range of operating conditions, time spent at each of them, 
deterioration of control methods with use, future increase in numbers of sources, rate 
of dispersion into surrounding areas, life history of conversion to other more or less 
reactive substances and the many other factors involved.
The political issue is, of course, the balance between desired improvements in air 
quality and the cost to the community and the individual of effecting them. The law of 
diminishing returns works here and the more serve emission reduction requirements 
become, the more rapid becomes the rise in the cost of the measures. Associated with 
this is the decision to control existing contributors or only new installations. Sources 
with low life expectancy (like the motor car with its infamous built-in obsolescence - 
and even in future the "throw-away car") may safely be left to eliminate themselves 
over the planned period of control. High capital investment industrial and power- 
generating plant may need to be dealt with before this.
5.1 Industrial and Domestic Emission Control
The domestic combustion of sulphur-bearing coal created a large spread of small, 
inefficient and uncontrolled sources of smoke and SO2. Local regulations have in 
many places counteracted this situation by the creation of "smokeless zones". It has 
been said that the smoke produced by industry also had been halved in the 10 years 
following the Clean Air Act of 1956. The increasing installation of central heating 
tends to increase the proportion of properly controlled sources especially since the use 
of gas and oil as fuels is often associated with this change of system.
Ash and SO2 are the most important pollutants arising from many large installations 
and plant to reduce these may be installed as part of new equipment or even added to 
existing plant though with great difficulty and expense. Such equipment is sometimes 
able to produce by-products such as sulphuric acid (16) or ammonium sulphate. Since 
the initial cost is high (e.g. £3 x 10  ^ for a 100 MW station) some possibility of 
recovering this by the sale of products is an advantage.
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Difficulties of combustion systems working at increasing temperatures in larger plant 
are expected to be reduced by the introduction of new techniques such as the fiuidised- 
bed furnace.
5.2 Aircraft Emission Control
The large volume of fluid passing through a modem jet or turbofan engine presents a 
serious problem in that the proportion of pollutants must be maintained at a very low 
limit if the mass produced is to be reasonable. Film of the Concorde taking off from 
London Airport for the first time revealed a very black exhaust trail indeed, suggesting 
that the new generation of aircraft may be worse than the old. Fortunately for all of us, 
the manufacturers are not unaware of this and later Concorde engines will be of 
considerably different design to bring them within the very stringent limits laid down 
by the aircraft designers (4 HSU) (17,18). In aircraft engines the visible smoke is the 
pollution aspect requiring most careful attention. What seems to be its magnitude by a 
merely visual check is often misleading since the appearance depends on the plume 
diameter as well as the density and closely sited sets of engines, such as those in the 
example mentioned, look worse than they are. The higher combustion chamber 
pressures necessary for economic flight bring about problems of fuel air mixing 
leading to a reduction in combustion efficiency (as opposed to thermodynamic 
efficiency) which is only in recent developments being overcome by new designs of 
annular chamber and fuel sprayer. Increased combustion efficiency brings double 
benefits in aircraft, where fuel which would be wasted has not only to be paid for but 
lifted off the ground with energy which could be used to lift a fare-paying passenger.
5.3 AUTOMOTIVE EMISSION CONTROL
The C-I and S-I engines used require such different treatment that they must be 
considered separately and forms of control legislation throughout the world recognize 
this fact. There is a considerable quantity of literature published on various specific 
methods of control. References 19,20 and 21 contain detailed reports on these.
5.31 The Compression-Ignition Engine
Present plans for control are based mainly on the reduction or effective elimination of 
smoke. This is only produced during overfuelling to meet high-load conditions or 
through bad adjustment or lack of maintenance. The formerly common practice of 
truck drivers' using the starting enrichment control to cope with overloads has been
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thwarted by positioning the starting mixture control so that it can only be used for 
starting. Careful maintenance and checks can reduce the possibility of smoke emission 
considerably. The problem of high load operation still exists, however, and it would 
appear that the only solution to this is to insist on an engine of adequate power for the 
gross vehicle weight in the gradient and speed conditions to be encountered. Only a 
sufficiently large engine will provide adequate hill-climbing performance without 
smoke unless the penalty of obstructing the highway with painfully slow transport 
vehicles is to be tolerated. Happily the small (and relatively cheap application cost) 
turbo-charger may be used to raise engine power without vehicle size increase.
5.32 The Spark-Ignition Engine
Often indicted as the villain of the air pollution story, the engine fitted to the large 
majority of private cars was certainly a major contributor to the Los Angeles crisis. 
There must be, if control is to be effective, consideration of all the sources of emission: 
exhaust, crankcase and evaporation, although only the first need be considered if 
carbon monoxide is the only problem.
The simplest of all control devices is the installation of piping and valves to connect the 
crankcase to the air intake for the recycling of blow-by gases (fig.B). US regulations 
have asked for this since 1963 and European countries are following this lead.
Fuel tank and float chamber evaporative losses present a more complex problem since 
air must enter the tank while vapour must be retained. The use of activated charcoal to 
store vapour, which is released to the engine air intake at suitable points in the 
operating range, appears to be the most popular method so far (fig C). Another 
method uses the crankcase as a storage reservoir. In the USA legislation becomes 
effective this year to control evaporative emissions, but the complexity and cost would 
not be justified, in view of the limited importance of hydrocarbon emissions, in this 
country.
Exhaust gas remains as the main component of automobile emission and the most 
varied in content. Any control procedure applied to a vehicle normally affects only one 
part of the operating range. In order to establish the significant parts of the range for 
overall air pollution, it is necessary to investigate the pattern of traffic in the urban 
situation. A driving cycle, known as the "seven mode cycle", was drawn up as the 
original basis of evaluation in California. A vehicle can be made to run through this 
cycle of idle, accelerate, cruise and decelerate conditions on a chassis dynamometer and
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a continuous record of its emissions recorded. A weighted average of the 
concentrations of CO, HC and NOx can be compared with legal maxima. This method 
is cumbersome, requires expert staff, complex analysis, recording and computing 
equipment. A similar but simpler cycle has been drawn up by ECE (Fig D) as an 
attempt to represent the European situation and to avoid conflicting demands on 
manufacturers supplying various markets. Each car supplied has to be built not for 
minimum emissions in its lifetime but to beat the regulations imposed by the 
government of the country to which it is exported. Continuous analysis has been 
giving way gradually to the bag method in which gas from all the modes is collected in 
an enormous PVC bag and the homogeneous mixture sampled at the end of the test. 
Early regulations limiting percentages of the pollutants are also being superseded by 
limits on mass/test or mass/km which discourage the practise of increasing the flow of 
air merely to dilute the same mass of pollutant or of increasing the engine size (possibly 
increasing the mass while reducing the %).
How is control effected once the limits have been set ? There are probably as many 
answers to this as there are motor manufacturers, if not more (fig E). The answer is 
also dependent on whether it is required to control CO, HC, NOx aiid particulates or 
only one or two of these. There seems to be a tendency to legislate against more of 
these constituents than air quality requirements demand, but that is a political rather 
than a technical decision.
To reduce CO and hydrocarbons the basic answer is to encourage the combustion to 
complete itself by providing the right amount of oxygen at the right time and at the right 
temperature and at the right place. Most economically this would be achieved inside 
the engine cylinder where the expanding gases do useful work. The magnitude of the 
problem becomes more evident when it is realised that the cylinder has to be filled and 
emptied 25 times a second even at the moderate speeds of the European cycle. Early 
attempts were made to cure rather than prevent by fitting a catalytic converter to the 
exhaust pipe. The problems of catalyst poisoning by lead, initial and running costs and 
frequency of replacement have encouraged the industry to search for more permanent 
and, if possible, cheaper solutions. The injection of air into the exhaust ports while 
the combustible elements of the exhaust are still hot enough to react with it is the most 
commonly use of these. Sometimes this is combined (and in future may be 
increasingly so) with a specially designed reaction chamber replacing the orthodox 
manifold (fig F & G). Experiments have shown that this will meet U.S. goals for 
1980.
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Where some hydrocarbons remain after the processes described it is necessary to look 
into the combustion chamber design itself for remedy. Here any thin layer of gas is 
subject to cooling by the cooled metal surfaces of the engine, a phenomenon known as 
"quenching".(fig H). Opening out the chamber shape, changing the strokeibore ratio 
and compression ratio may all be involved which, in turn, leads to retooling engine 
production lines.
Careful design of the interaction between fuel supply, mixture temperature, spark 
advance, throttle angle (and rate of change) with changes in engine speed and load can 
make a substantial reduction in pollutant concentration. Maintenance will need to be of 
a higher order to keep these designed settings effective throughout the vehicle life. 
Table Z shows the combinations of measures taken by various manufacturers and one 
of these, aimed at reducing air density variations is illustrated (fig J).
It has been argued that a simple idle setting check on CO could be provided easily at a 
large number of stations and that this in itself would make an appreciable contributions 
to air cleanliness in cities where so much time is spent in this engine mode. In 
Sweden, where such a test was recently instituted, a large number of cars tested were 
well outside the generous limits allowed.
Nitrogen oxides constitute a quite different topic since, unhappily, they tend to increase 
as carbon monoxide decreases. Attempts at improving the situation centre on reduction 
of the peak cycle temperature by addition of inert gas (especially re-cycled exhaust gas 
since an adequate supply is available) (23).
Yet another aspect is the removal of particulates, notably lead. Cyclone separators 
could be a method of doing this, involving more weight, cost and complexity in the 
exhaust system. Whether air-bome lead is a sufficiently significant pollutant to justify 
this, or the even more drastic solution of removing lead from the fuel., is highly 
debatable. Emotion appears to be winning over evidence at present and legislation is 
under way in some countries. In fact, recent experiments show that engines running 
on lead-free fuel bum out valves so rapidly that pollution from this cause exceeds 
prescribed limits within (say) 16 000 km (24).
5.4 Alternative Power Devices
Why bother about the gasoline engine anyway when there are steam engines, Stirling 
cycle engines and electric cars? Probably the simplest answer is that we have become
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so used to the reliability, convenience, performance, economy, rapid starting, light 
weight and relatively easy maintenance of the device that we are unwilling to exchange 
it for one that may possess some but certainly not all of its virtues.
One alternative fuel, requiring only moderate design changes to the S.-I. engine, is 
liquefied petroleum gas, which gives very clean combustion not needing lead additives 
to control it (25).
Of the alternative thermodynamic cycles, the Rankine vapour power cycle has greater 
complexity, poor start-up and high weight which are also features of the Stirling cycle. 
Additionally the vapour power cycle has safety hazards associated with the high 
pressure of the working fluid, which would probably not be steam because of the high 
freezing point of water.
Electric cars fall into two categories : those using storage batteries and those using fuel 
cells. Storage batteries are heavy and of very limited range implying the concept of 
changing cars at city boundaries and removing the door-to-door concept unless quick- 
change charged units were available at frequent points - itself a land use problem. The 
fuel cell theoretically offers a good solution. It is a prime mover, whereas the 
generation of electrical power for the storage battery creates its own pollution, and it 
converts fuel and air completely to CO2 and H2O but it suffers from a size and control 
problem. New technology may develop to meet this criticism but as yet no 
commercially viable plant is running on the impure fuels accepted by the intemal- 
combustion engine (26).
For certain specialised types of vehicle the hybrid concept appears promising. The 
vehicle is driven by electric motors but carries a gas turbine or diesel prime mover to 
charge the batteries. This engine can be smaller than that required for direct power and 
works at constant speed and under controlled conditions at which pollution is low. It 
could be switched off altogether in tunnels and busy city centres. An experimental 
diesel-electric bus reported on recently (27) has a 115 kW output motor but carries only 
a 48kW diesel engine which is never called upon to work in the black smoke region. 
Electrical generation is also available (free) from regenerative braking.
For the high capital cost, long life bus always working in urban areas this may be an 
important development. For the multi-purpose, frequently-replaced, lightweight 
passenger car a viable alternative has yet to be found. At the present pace of
17
development in engine pollution control the standards which a competitor would need 
to achieve are being put further out of reach.
Above all the matter must be kept in perspective, appropriate data on production, 
dispersion and harmful effects of pollution being collected and related, before extreme 
measures are imposed. There is no record of carbon monoxide in London's streets 
having killed anyone whereas the effluent from the motor car's predecessor, the horse, 
is reported to have caused the death of hundreds each year !
18
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Combustion P rocess  
at High Temperatures
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Injected
Exhaust
Fig F Exhaust manifold 
reactor ch a m b er
Exhaust
mani f ol d
Exhaust valve
A tm osphere
Reaction 
air manifold
Check valve
D iverter  v a lv e  
/
En g i n e
d r i v e n
p u m p
Inlet manifold
i n l e t
Fig G Air injection reactor system
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Quench region
Fig H Automobile engine combustion 
ch am b er  show in g  q u en ch in g
Air filter
Air inlet
Inlet
manifold
tapping
Temperature-sensitive 
vacuum regulator
Air mix valve 
operated by 
diaphragm
Air preheater shroud 
fitted to exhaust manifold
Fig J Heated air inlet system  - supplies air at approximately 
constant tem perature to carburettor, enabling more 
con sisten t air fuel mixture to be formed
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Table Z Typical modifications and additions incorporated in 
production engines to m eet current US Federal and 
California State em iss ion  control requirements
Air injection  
reactor sy stem
Controlled com bustion  
s y s t e m _________________
Cleaner air 
s y s t e m
Air pump, diverter 
valve, check valve  
Calibrated carburettor 
Idle sp eed  and 
m ixture
Modified ignition 
centrifugal advance  
Transm ission control 
of ignition timing 
Temperature override
Calibrated carburettor  
Idle sp eed  
Retracting throttle 
s to p
Heated air supply 
Throttle c losure  
damper
Ported ignition 
vacuum advance  
Transm ission control 
of ignition timing 
Temperature override
Modified inlet manifold 
Idle sp eed  
R e tr a c t in g th r o tt le  
s to p
Heated air supply
Reduced ignition 
to le r a n c e s  
Solenoid idle retard
Positive cran k case  ventilation 
Evaporative em ission  control system  
More stringent m aintenance schedule
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ABSTRACT
D ual-purpose energy system s are d esig n ed  to  u se  primary energy r e so u r c e s  in  
a more e f f i c i e n t  way to  produce a g iv en  m ixture o f d i f f e r e n t  forms o f  
energy to  m eet a demand. A n a ly s is  o f  such a system  must dem onstrate a 
c le a r  advantage in  order to  j u s t i f y  the a d d it io n a l  c o m p le x ity , u s u a l ly  
g r e a te r  c a p i t a l  c o s t  and, in  some c a s e s ,  o r g a n is a t io n a l  and m arketing  
d i f f i c u l t i e s  in  hand ling  the energy p r o d u cts .
C r i t i c a l  t e c h n ic a l  exam ination  o f th e se  energy system s r e s t s  upon the  
Second Law o f Thermodynamics. The t r a d e -o f f  between f i r s t  c o ç t  in c r e a s e  
and f u e l  c o s t  s a v in g s , however, depends a ls o  upon econom ic a n a ly s is  which  
in v o lv e s  t im e -v a r ia b le  c o e f f i c i e n t s  dependent upon a la r g e  number o f  
f i n a n c i a l ,  l e g a l  and p o l i t i c a l  f a c t o r s .
The approach o f the thermodynamic a n a ly s is  in v o lv e s  the s e p a r a tio n  o f  
l o s s e s  in to  th o se  o f which fu r th e r  u se  may be made (e x e r g y )  and th o se  w hich  
are n o t r e c o v e r a b le .
I r r e v e r s i b i l i t y  through la r g e  tem perature d i f f e r e n c e s  i s  n o ted  as one c a u se  
of l o s s  in  t r a d it io n a l  p la n t w hich dual system s can m in im ise .
Examples o f a p p l ic a t io n s  are  g iv e n  from compound p la n t  ga s and steam  
tu rb in e  c y c le s ;  combined h ea t and power steam  p la n t;  Rankine bottom ing  
c y c le s  and compound c y c le s  fo r  d i e s e l  e n g in e s;  and th e  e n g in e -d r iv e n  h e a t  
pump.
1 -
INTRODUCTION
The a n a ly s is  o f dual purpose energy system s in  the r e a l  w orld has to be 
made on many b ases  -  econom ic, p o l i t i c a l ,  environ m ental a s w e l l  as  
thermodynamic. Yet the laws o f thermodynamics in d ic a t e  th e  p o t e n t ia l  
s u c c e s s  o f any proposed system  w hich can then be examined from the o th e r  
p o in ts  o f  v iew .
THERMODYNAMICS OF DUAL PURPOSE SYSTEMS
The j u s t i f i c a t i o n  fo r  the a d d it io n a l  co m p lex ity  o f a dual purpose system  
has to  be the more e f f e c t i v e  u se  o f a primary energy r e so u rc e  to s a t i s f y  
g iv en  demands fo r  energy t r a n s fe r  as work or h e a t . The u se  o f an energy  
r eso u rce  in  c o n v ersio n  p r o c e ss e s  degrades th e  sou rce  and produces energy  
t r a n s fe r s  in  the req u ired  form s. The o b je c t  o f  the system  i s  to  c o n v e r t  
in to  u s e fu l  ou tput th e  la r g e s t  p o s s ib le  p r o p o rtio n  o f th e  energy p o t e n t ia l  
o f the so u r c e .
The F i r s t  Law o f  Thermodynamics, o f c o u r se , on ly  r e q u ir e s  energy in p u ts  and 
ou tp u ts from a c y c l i c  system  to  add a lg e b r a ic a l ly  to z e r o .
SQa -  ZWg = 0 ( i )
where ' inw ard' h ea t tr a n s fe r  and 'outw ard' work tr a n s fe r  a re  regarded as  
p o s i t i v e .
I t  i s  th e  Second Law o f  Thermodynamics w hich in d ic a t e s  th e  l im it a t io n s  on 
the r e la t io n s h ip s  between th e se  energy t r a n s f e r s .  The maximum id e a l  work 
o u tp u t when an en g in e  works betw een two r e g io n s  o f c o n s ta n t  tem perature  
( f i g . 2 ) i s  g iv e n  by C arn ot's  w e l l  known r e la t io n s h ip :
i . e .  e f f i c i e n c y ,  n 1 -  —
UPPER
2 -
T his i s  s ig n i f i c a n t  when lo o k in g  a t  th e  p o t e n t ia l  ou tp u t o f a system  
s in c e  i t  encom passes th e  co n cep t th a t ,  w h ile  a l l  work tr a n s fe r  can  
t h e o r e t ic a l ly  be con verted  to  h ea t t r a n s fe r  w ith o u t l o s s ,  the co n v erse  has 
a b u i l t  in  maximum r a te  o f exch an ge . The p r o c e ss  o f  c o n v e r s io n  in  a r e a l  
en g in e  i s  accompanied by an in c r e a s e  in  ’ e n tro p y ’ in  th e  u n iv e r se  s in c e  th e
^UPPERen trop y  change in  th e  upper tem perature r e g io n  i s  -  -=--------- , th a t  in  th e
UPPER
LOWERlow er tem perature r e g io n  +  —---------  (w hich  w i l l  be a r ith m e t ic a l ly  la r g e r  in
LOWER
r e a l  p la n t )  and th a t in  the c y c l i c  o p e r a tio n , z e r o .
,C _  *^LOWER "^UPPER
UNIVERSE -  TAPPER  ^ ^
A q u a n tity  o f su b sta n ce  a t  a tem peratu re and p r e ssu re  above am bient w i l l  
have p o t e n t ia l  fo r  work tr a n s fe r  com p risin g  two e le m e n ts , i l l u s t r a t e d  in  
f i g . 3 .
a) th a t which can be c r e a te d  by a llo w in g  th e  f lu id  to expand to  
am bient p r e s su r e , and
b) th a t w hich can be o b ta in ed  by o p e r a tin g  a c y c le  having Carnot 
e f f i c i e n c y  betw een th e  su b sta n ce  tem perature and am bient 
tem perature.
A system  a t  r e s t  a t  am bient p r e ssu r e  and tem perature has no fu r th e r  
c a p a c ity  fo r  doing work in  the absen ce o f ch em ica l and g r a v it a t io n a l  
change.
The maximum work o b ta in a b le  under th e se  c o n d it io n s  from an amount o f  
su b sta n ce  a t  tem perature Tj and p r e ssu re  p  ^ in  su rround ings  
a t  T  ^ and p  ^ can be d er iv ed  by c o n s id e r in g  the two p r o c e ss e s  (each  o f  w hich  
may be regarded as r e v e r s ib le )  shown in  f i g . 3:
1 + 2  is e n t r o p ic  exp an sion  
and 2 + 0  iso th e r m a l c o o lin g
In a r e a l  s i t u a t io n ,  any p r o c e ss  In vo lved  w hich  i s  l e s s  than id e a l  or  in  
which the energy tr a n s fe r s  go to  w aste  i s  d im in ish in g  th e  e f f i c i e n c y  o f  th e  
w hole o p e r a tio n .
— 3 —
The work in  the example g iv e n  may be c a lc u la te d  as fo l lo w s :
1 Q2  -  1 W2  = Ug -  (from  1®^ Law) ( iv )
1 Q2  = 0 ( i s e n t r o p ic  p r o c e ss )
- 1 W2  = Ug -  U , (v )
2 Q0  -  2 W0 = (Uo -  Ü 2  ^ ( v i )
2 Q0  ~ TQ (Sq — S 2 )
-jWo = Uo -  U 2  -  To (So -  S 2 ) ( v i i )
T o ta l work from (v ) and ( v i i )
1 W2  + 2 W0 = (U i -  Uo) + To(So -  S J  ( v i i i )
s in c e  Sj = S^,
During t h is  p r o c e ss  work, p 0 (Vg -  V j ) ,  has been done on th e  surround ings  
but t h is  i s  n o t u s e fu l  work a s  i t  i s  only th e  r e s u l t  o f exp an sion  in  system  
volum e.
The t o t a l  p o s s ib le  u s e fu l  work i s  then g iv e n  by
\  j- (Ü 1  -  U .)  -  I , ( S .  -  S . )  +  p „(V , -  V .)  ( i x )
S im ila r ly  fo r  a stream  o f f lu id  a t  T^, p i e t c  e n te r in g  a d e v ic e  under  
s te a d y -f lo w  c o n d it io n s ,  the t o t a l  p o s s ib le  u s e fu l  work i s  g iv e n  by
f  (Hi -  H .) -  T ,(S i  -  S . )  (x )
Any k in e t i c  an d /or  p o t e n t ia l  energy p o sse sse d  by the stream  a t  1 may be  
added s in c e  a l l  t h i s  i s  t h e o r e t ic a l ly  c o n v e r t ib le  to  ou tp u t m echan ical 
work.
The q u a n t i t ie s  on the r . h . s .  o f  ( i x )  and (x )  r e p r e se n t  th e  'a v a i la b le  
energy* under each s e t  o f c ircu m sta n ces  d e s c r ib e d .
S in ce  most r e a l  p la n t can be co n s id er e d  s te a d y -f lo w  the v a lu e  g iv en  by (x )  
i s  o f  more i n t e r e s t .  At s t a t e  1 th e  a v a i l a b i l i t y ,  B, i s  sa id  to  be g iv e n  
by
Bi = Hi -  T ,S i ( x i )
to w hich must be added k in e t i c  and p o t e n t ia l  energy term s ( i f  any) to  g iv e ,
fo r  u n i t  m ass,
c;
b i = h i -  T*Si + y - +  gZi ( x i i )
In the c a se  o f turbom achinery, the boundary o f the d e v ic e  i s  regarded a s
a d ia b a t ic  and, i d e a l l y ,  th e  p r o c e ss  i s  r e v e r s ib le  and, hence, i s e n t r o p ic .
In r e a l  p la n t  i r r e v e r s i b i l i t y  le a d s  to an in c r e a s e  in  en trop y  
;
( f i g . 4 )  8 2  -  S ; .
C o n v e n tio n a lly , th e  i s e n t r o p ic  e f f i c i e n c y  o f th e  p r o c e ss  12 i s  g iv e n  as
= Ah
^ is e n  A h'
s in c e  t h is  i s  the p ro p o rtio n  o f  work from an id e a l  exp an sion  a c tu a l ly  
r e a l i s e d .  The im p lic a t io n  i s  th a t  th e  energy r e p r ese n te d  by th e
I
area  2abcd2 i s  l o s t  whereas on ly  th a t rep resen ted  by abed i s  n o t  
a v a i la b le .
The a v a i l a b i l i t y  c r i t e r io n  would compare Ah w ith  th e  change in  
a v a i l a b i l i t y :
h ,-h i hj-hj
Ab ( h 2 - T o S 2 ) - ( h i - T o S i )  ( h z - h i ) - T o ( s 2 “ S j )
(h j-h j)
- 5 -
A lthough the work, from the p r o c e ss  i s  l e s s  than in  the id e a l  c a se  the f lu id  
a t  e x i t  has a h ig h er  e n th a lp y . A fu r th e r  s ta g e  o f ex p an sion , th e r e fo r e ,  
would b eg in  a t  a h igh er  e n th a lp y ; a l t e r n a t iv e ly  a heat exchanger cou ld  
o b ta in  a g r e a te r  energy reco v ery  from th e  exh au st than in  th e  c a se  o f  an 
id e a l  tu r b in e .
APPLICATION TO DUAL PURPOSE SYSTEMS
I t  i s  fo r  s im ila r  purposes th a t  such  a con cep t i s  o f s p e c ia l  v a lu e  in  th e  
a n a ly s is  o f a dual purpose energy system  where, by d e f in i t io n ,  th e r e  i s  
more than one u s e fu l  p r o cess  in v o lv e d . Thus, a h igh er  energy o f a w orking  
f lu id  a t  e x i t  from one d e v ic e  may in d ic a te  a l e s s  e f f i c i e n t  primary c y c le  
but i t  enhances the p r o sp e c ts  fo r  a secondary d e v ice  whether fo r  work or
heat t r a n s fe r .  The most o b v io u s , and c u r r e n tly  w id e ly  p u b lic is e d ,
a p p l ic a t io n  i s  the combined h ea t and power steam p la n t . By u s in g  a h ig h er  
e x i t  tem perature ( a t  l e a s t  fo r  p a r t o f the flow  of working f lu id )  the  
p o s s i b i l i t i e s  o f m eeting the in d u s t r ia l  and /cr r e s id e n t ia l  demand fo r  both  
forms o f energy can be p ro v id ed . The primary c y c le  i s  l e s s  e f f i c i e n t  but
the somewhat h igher grade energy r e je c te d  to the low tem perature r e g io n  i s
made u s e fu l  to  a g r e a te r  e x te n t .
In  th e  fo llo w in g  exam ples v a r io u s  a s p e c ts  o f th e  thermodynamics o f du al 
purpose system s w i l l  be i l l u s t r a t e d .
Compound c y c le  {xawer p la n t
E quation  ( i i )  showed th e  advantage o f u s in g  the g r e a t e s t  p o s s ib le  
tem perature range when producing power from a g iv en  energy f lo w r a te  a t  h ig h  
tem peratu re. The tem peratu res in v o lv e d  in  th e  e f f i c i e n c y  e q u a tio n  are  
th o se  in  the working f lu id  w hich may d i f f e r  c o n s id er a b ly  from th o se  o f  th e  
so u rce  and s in k . The lo s s  o f a v a i l a b i l i t y  caused by th e  d i f f e r e n c e  betw een  
source and working f lu id  tem peratures i s  n o t , o f c o u r se , r e c o v e r a b le .
T h is problem i s  e s p e c ia l ly  d i f f i c u l t  in  steam  power p la n t  where th e  maximum 
tem perature o f  the steam  c y c le  i s  l im ite d  to about 540*C. T h is i s  b eca u se  
o f  th e  p r o p e r t ie s  a t  e le v a te d  tem peratures o f the s t e e l  used  in  steam
— 6 —
g e n e r a to r s , p ip es  and f i t t i n g s ,  the s i z e  o f  w hich i s  such  th a t  e x o t ic  
m a te r ia ls  are  n ot p r a c t ic a b le .  Gas tu r b in e s , where th e  com bustion  chamber 
c o n ta in s  the working f lu id  i t s e l f ,  do n ot have such a se v er e  l i m i t .  A 
la r g e  amount o f e x c e s s  a i r  i s  used  w hich g iv e s  a tem peratu re, in  th a t  sm a ll  
p a rt o f the p la n t s u b je c t  to  i t ,  w hich can be accep ted  u s in g  more e x o t ic  
m a te r ia ls  fo r  the tu rb in e  b la d e s . In  r e c ip r o c a t in g  e n g in e s , w ith  a ir  f u e l  
r a t io s  around s to ic h io m e t r ic ,  the even  h ig h er  tem peratures a l t e r n a t e  w ith  
low tem peratu res in  th e  same sp ace  a s  th e  c y c le  o f o p e r a tio n s  p roceed s  
through in d u c t io n , com p ression , exp an sion  and e x h a u st.
Examples o f p la n t  u s in g  t h i s  p r in c ip le  are  found in  both  s t a t i c  and 
tr a n sp o r t a p p l ic a t io n s .
Gas turbine/steam turbine compound cycle.
F igu re 5 shows a p la n t  in  which the h igh  tem peratures o f  com bustion are  
u t i l i s e d  e f f e c t i v e l y  in  a gas tu r b in e , th e  exh au st g a se s  from which p ass  
through a steam  gen era to r  when the tem perature d i f f e r e n c e s  between p rod u cts  
o f  com bustion and steam  are  much sm a ller  than in  steam  on ly  p la n t .  An 
i n s t a l l a t i o n  o f  the type i l l u s t r a t e d  (1 )  can be shown to  produce 47% o f  the  
in p u t energy as u s e fu l  o u tp u t compared w ith  40% from th e t y p ic a l  ' s t r a ig h t '  
steam  c y c le .  F ig u re  6 shows the com parative energy flo w s fo r  t h is  type o f  
c y c le  compared w ith  th o se  fo r  a c o n v e n tio n a l steam  p la n t . The flo w s are  
d iv id e d  in to  th a t p a rt o f th e  energy w hich i s  a v a i la b le  fo r  fu r th e r  u se  
( ex e rg y ) and th a t  which i s  n o t (a n e n e r g y ) . F urther f l e x i b i l i t y  in  o u tp u t, 
a t  the expense o f e f f i c i e n c y ,  can be ob ta in ed  by supplem entary f i r i n g  in  
the steam  g e n e r a to r , s in c e  la r g e  e x c e s s  a i r  amounts a llo w  t h i s .  In  t h is  
p la n t  the power from the gas tu rb in e  r e p r e s e n ts  over 60% o f  the t o t a l  s h a f t  
o u tp u t. Other p la n ts  ( 2 ,3 )  c x p h a s ise  th e  steam  component w ith  a d d it io n a l  
f i r i n g  o f  steam  g e n e r a to r s  as the standard mode o f o p e r a ta io n . Here th e  
gas tu r b in e  power r e p r e se n ts  as l i t t l e  a s  15% o f th e  t o t a l .
In  both  ty p es  o f p la n t  i t  i s  p o s s ib le  to  u t i l i s e  peak tem peratu res in  th e  
ga s tu r b in e  o f  th e  order 1000°C w h ile  having tem peratu res on th e  gas s id e  
o f  th e  steam  g e n era to r  on ly  s l i g h t l y  above the steam  c y c le  maxima.
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Automotive compound cy c les
S im ila r  reason in g  l i e s  behind two au tom otive  develop m ents in v o lv in g  
c o m p r e s s io n -ig n it io n  e n g in e s . In  the so c a l le d  R ankine-bottom ing c y c le  the  
g a se s  from the v e h ic le s  main e n g in e  are  fed  in to  a vapour g e n e r a to r  ( 4 ) .
The la y o u t , i l lu s t r a t e d  in  f i g . 7 o f f e r s  in c r e a s e s  in  e f f i c i e n c y  o f  up to  
17.5%, th e  tu rb in e  p ro v id in g  t y p ic a l ly  15% o f the power.
The second fam ily  o f  c y c le s  (5 )  i s  based upon e x te n s io n s  o f  the  
tu rb och arg in g  p r in c ip le  where th e  tu r b in e  p ro v id es  an a d d it io n a l  s h a f t  
power ou tp u t as w e l l  as the com pressor power. One p o s s ib le  c o n f ig u r a t io n  
i s  shown in  f i g . 8 . In  t h is  th e  en g in e  superch arger  i s  s h a f t  d r iv en  through  
gears w h ile  the exhaust tu rb in e  c o n tr ib u te s  to  the en g in e  power ou tp u t  
through a c o n tin u o u s ly  v a r ia b le  tr a n sm iss io n . A lthough o n ly  a t  t e s t  bed 
s ta g e  i t  i s  exp ected  th a t up to  20% b e t te r  e f f i c i e n c i e s  may be a v a i la b le  in  
heavy v e h ic le  o p e r a tio n  u s in g  t h i s  type o f e n g in e .
Combined beat and power plant (steam)
In  the t r a d it io n a l  steam  p la n t  d es ig n ed  to  p rov id e  s h a f t  o u tp u t on ly  i t  has 
been seen  ( f i g . 6) th a t  a la r g e  p ro p o r tio n  o f the energy su p p lie d  i s  
r e je c te d  in  th e  con d en ser . However on ly  2% o f t h i s  q u a n tity  i s  l o s t  exergy  
s in c e  the rem ainder i s  energy a t  the c o n d it io n s  o f  the su rro u n d in g s. I t  i s  
t h i s  f a c t  w hich makes im p o ss ib le  the u se  o f unm odified  power s t a t io n  p la n t  
fo r  CHP. U su a lly  a tem perature w e l l  above am bient i s  r e q u ir e d , even  fo r  
sp ace  h e a tin g  a p p l ic a t io n s ,  as a llo w a n ce  must be made f o r  l o s s e s  in  the  
supply p ip e s .  For in d u s t r ia l  p r o c e ss  h e a tin g  the tem perature depends upon 
th e  p r o c e ss  requirem ent and t h is  w i l l  d eterm in e th e  p r e s su r e  a t  w hich  steam  
i s  to  be e x tr a c te d . A s im p l if ie d  energy flo w  diagram ( f i g . 9 ) com pares, fo r  
a t y p ic a l  s i t u a t io n ,  CHP w ith  a s tr a ig h tfo r w a r d  power p la n t  and se p a r a te  
h e a tin g  system .
P la n t c o n f ig u r a t io n s  depend upon th e  p r o c e ss  or h e a tin g  system  tem p eratu re , 
the r a t io  o f  h e a t in g :s h a f t  power and the v a r ia t io n  o f t h i s  r a t io  
r e q u ir e d . The w o rst c a se  i s  f o r  sp ace  h e a tin g  where th e r e  i s  no lo a d  in  
the summer m onths, th e  b e s t  fo r  an in te g r a te d  p la n t where th e  req u irem en ts
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for  s h a f t  power and fo r  p ro cess  steam  are d i r e c t ly  r e la te d  to prod u ction  
r a t e s .  [A n a ly s is  o f  d i f f e r e n t  CHP c o n f ig u r a t io n s  based on v a r io u s  prime 
movers i s  in  r e fe r e n c e  ( 6 ) . ]  In the l a t t e r  ca se  i t  i s  p o s s ib le  to u se the  
back p ressu re  tu r b in e  in  which the p r o c e ss  load  r e p la c e s  th e  condenser, 
a lth ou gh  working a t  h ig h er  tem perature than the condenser in  a s tr a ig h t  
power p la n t . An exam ple o f t h is  w ith  w hich th e  au thor was in v o lv ed  was fo r  
a fro zen  food p la n t ( 7 ) .  In t h is  a new r e f r ig e r a t io n  com pressor was 
req u ired  and new h e a tin g  output fo r  cook in g  p u rp oses. The u su a l s o lu t io n  
was an e l e c t r i c a l l y  d r iv en  com pressor and a low p r e ssu re  b o i le r .  In stea d  a 
h ig h er  p ressu re  b o i le r  was in s t a l l e d  su p p ly in g  a steam  tu rb in e  to  d r iv e  the  
com pressor d i r e c t ly ,  th e  exhaust from w hich was used  to  supply the cook ing  
p r o c e ss e s  ( f i g . 1 0 ) . Both lo a d s  are  d i r e c t ly  r e la te d  to  o u tp u t, e f f i c i e n c y  
i s  improved and the e l e c t r i c i t y  maximum demand i s  n o t in c r e a se d .
Engine d r iv en  h e a t pump.
The p r in c ip le s  o f the h ea t pump are w e l l  known. I t  tak es energy from a low 
grade so u rce , i . e .  a t ,  or even below , am bient tem peratu re, and upgrades i t  
fo r  a h ea tin g  purpose adding energy by means o f a com pressor. T h is has 
m ostly  been fo r  space or w ater h ea tin g  p urposes but r e c e n t ly  in d u s t r ia l  
d em on stra tion  p r o j e c t s  have been und ertaken . Such a h ea t pump becomes an 
example of dual energy system  when i t  i s  en g in e  d r iv en  as opposed to  
e l e c t r i c a l l y  d r iv e n . In  t h is  c o n f ig u r a t io n  the in e v i t a b le  heat tr a n s fe r s  
in v o lv e d  in  c o n v e r tin g  energy in  the prime mover are a v a i la b le  to the u se r  
o f  the heat pump (8 )  ( f i g s . 1 1 ,1 2 ) .  They can be used  to  upgrade th e  h e a tin g  
e f f e c t  o f the heat pump c y c le  i t s e l f  or as a supply fo r  a sep a ra te  purpose  
( e . g .  d om estic  hot w ater  where the main h ea t pump p r o v id e s  sp ace  h e a t in g ) .
The id e a l  c o e f f i c i e n t  o f  perform ance o f a h ea t pump c y c le  i s  g iv en  by
T his r e la t e s  on ly  to  th e  c y c le  o f the w orking f lu id  w ith in  the pump. I t  
can be seen  th a t i r r e v e r s ib l e  h eat t r n s f e r  a c r o ss  b ou n d aries where th e re  
are la r g e  tem perature d if f e r e n c e s  w i l l  have c o n s id e r a b le  e f f e c t  here  
s in c e  T^ -  T^ i s  s m a ll .  To account fo r  th e  d i f f e r e n c e s  between ty p e s  o f
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com plete p la n t accord in g  to prime mover o th e r  perform ance in d ic a to r s  are  
som etim es used  (g iv e n  d i f f e r e n t  names by v a r io u s  a n a ly s t s ) :
The a c tu a l c o e f f i c i e n t  o f  perform ance (COP)
_ h e a t  t r a n s fe r  from h ea t pump c y c le  
power in p u t to  com pressor
Perform ance e f f e c t iv e n e s s  r a t io  (PER)
= u s e f u l  h ea t tr a n s fe r  from w hole p la n t  
energy in p u t a t  p la n t  boundary
C o e f f ic ie n t  o f f u e l  u t i l i s a t i o n  (CPU)
_ u s e fu l  h ea t tr a n s fe r  from w hole p la n t  
primary energy re so u rc e  d e p le te d
N a tu ra lly  one has to  be c a r e fu l  when drawing g e n e r a l c o n c lu s io n s  in  
c ircu m sta n ces  where e l e c t r i c i t y  i s  a v a i la b le  from hydro or n u c lea r  
s o u r c e s . I t  cou ld  be argued then th a t the u se  o f gas to  o b ta in  
im provem ents in  th e se  in d ic a to r s  p ro v id es  on ly  nom inal advan tages w h ile  
d e p le t in g  r e se r v e s  o f  a premium r e so u r c e .
CONCLUSIONS
System  a n a ly s is  can be made u s in g  sim p le  energy flow s to  examine the  
p o s s ib le  developm ent o f a s i t u a t io n  fo r  more e f f e c t i v e  u se  o f the primary 
energy re so u rc e  by a d u a l-p u rp ose  system .
To be c e r t a in  o f the p o t e n t ia l ,  how ever, a n a ly s is  based on the Second Law 
i s  e s s e n t i a l  s in c e  th e  u s e fu l  components o f energy flow  (e x e r g y )  are  
in d ic a te d  more c le a r ly  by t h i s .
The im portance o f  an economic a p p r a isa l o f  th e  in c re a se d  c a p i t a l  c o s t  in  
com parison w ith  the reduced running c o s t s  over th e  l i f e t i m e  should  be 
r e a l i s e d .  A ttem pts to  q u a n tify  t h is  a ssessm en t have been made by Myron 
T ribus and h is  c o lle a g u e s  a t  MIT ( 9 ,1 0 ) .  T h is approach, som etim es r e fe r r e d  
to  as therm oeconomic analysis^  r e q u ir e s  e x te n s iv e  knowledge o f the r e la t iv e  
c o s t s  o f p la n t . Whereas the running c o s t s ,  p a r t ic u la r ly  th o se  fo r  f u e l s ,  
a re  f a i r l y  e a s i l y  determ ined w ith in  r e a so n a b le  a ccu ra cy , c a p i t a l  c o s t s  o f  
any new p r o je c t s  are much more d i f f i c u l t  to  p r e d ic t  w ith  c e r t a in t y .
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F i g . 8. DIFFERENTIAL COMPOUND ENGINE
BV bypass valve; BS boost sensor; C compressor; CC charge cooler; E semi- 
adiabatic engine; ECG epicyclic gear train; FP  fuel pump; FT power turbine; TC 
torque converter; VN variable turbine nozzles; TSS output torque and speed 
sensor; Ng engine speed; output shaft speed; planet carrier speed; MP 
microprcssor;
Input signals: 1 torque transducer; 2 speed transducer; 3 boost transducer 
Output signals: 4 bypass valve control; 5 CVT control; 6 nozzle control
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ABSTRACT
This paper examines the  means by which energy consumption f i g u r e s  have been  
a s s e s s e d  f o r  pe r s o n a l  means o f  t r a n s p o r t .  The r u n n i n g  energy component, reckoned  
as the primary energy c o n ten t  o f  the  f u e l  used i s  d i s c u s s e d  f i r s t .  Some reason s  
for  the wide  v a r i a t i o n s  noted in  o n - th e - r o a d  f u e l  consumption are  expounded.  
S i m i l a r l y  the e s t i m a t e s  o f  c a p i t a l  energy requirem ent,  e s p e c i a l l y  i n  the p r o c e s s e s  
o f  au tom ob ile  p r o d u c t io n ,  cover  a l a r g e  range .  From an a n a l y s i s  o f  c o n t r i b u t i n g  
p r o c e s s e s  and an o b s e r v a t i o n  o f  d i f f e r i n g  p r a c t i c e s  i n  the  v a r io u s  v e h i c l e - m a k i n g  
c e n t r e s  in  many p a r t s  o f  the w or ld ,  broad c o n c l u s i o n s  are  drawn as to  the  most  
promising ar eas  f o r  energy c o n s e r v a t i o n  measures.
KEYWORDS
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1 .0  INTRODUCTION
In an at tem pt  to examine the t o t a l  energy consumption a t t r i b u t a b l e  t o  the  
automobile  in  the U .S .A .  in  1970 H i r s t  and Herendeen examined manufactur ing  
energy u s e ,  p r e v i o u s l y  not  given  much a t t e n t i o n ,  as w e l l  as running energy .
Their  f i n d i n g s ,  based on e a r l i e r  work by Berry and F e l s  and by Herendeen  
s t a t e d  t h a t  9 .4  x lO^^J were used d i r e c t l y  in  f u e l  and 5 .8  x lO^^J in  
manufactur ing ,  d i s t r i b u t i n g  and m a in ta in in g  v e h i c l e s ,  r e f i n i n g  f u e l s  and 
p r o v i d in g  roads .  Combined these  consumptions were quoted as  1 0 .5  M J /v e h ic le  
km. To e s t i m a t e  th e  e q u i v a l e n t  f i g u r e s  a decade l a t e r  and f o r  the  European 
s i t u a t i o n  wi th  s p e c i a l  emphasis  on the U .K .,  r e q u i r e s  a c l o s e  e xam inat ion  o f  
the way in  which f u e l  consumption and manufacturing  energy u se  are  a s s e s s e d .
The r e l i a b i l i t y  o f  f i g u r e s  for  f u e l  consumption on a n a t i o n a l  s c a l e  i s  good 
and can w i th  some accuracy  be a p p l i e d  to  i n d i v i d u a l  v e h i c l e s .  V e h i c l e  
manufactur ing energy  i s  much more d i f f i c u l t  t o  a s s e s s  a c c u r a t e l y  s i n c e  the  
path hack through a l l  the p r o c e s s e s  i s  a t o r t u o u s  one and the forms i n  which  
energy i s  used are  v a r i o u s .  *
2 . 0  ON-THE-ROAD FUEL CONSUMPTION
I t  i s  the  d i r e c t  consumption of  g a s o l i n e  (or d i e s e l  f u e l )  which i s  t h e  most  
obv ious  energy demand o f  the p r i v a t e  motor v e h i c l e .  F ig u r e s  are  r e a d i l y
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a v a i l a b l e  f o r  the annual  q u a n t i t y  o f  f u e l  s u p p l i e d  and,  assuming s t o c k s  he ld  
by s u p p l i e r s  and in  v e h i c l e  tanks to  vary l i t t l e  a t  the end o f  s u c c e s s i v e  
y e a r s ,  t h i s  i s  equated to  the  f u e l  consumed. Somewhat l e s s  d e f i n i t e  i s  the  
data on d i s t a n c e  covered by the t o t a l  car  p o p u la t io n ,  or the breakdown i n t o  
types  o f  journey ,  d r i v i n g  methods,  t r a f f i c  c o n d i t i o n s  and o t h e r  v a r i a b l e s .  
Taking f i g u r e s  from UK o f f i c i a l  s o u r c e s  the annual  d i s t a n c e s  covered by 
v a r io u s  v e h i c l e  types  are shown in  t a b l e  1.
ANNUAL PI STANCE COVERED 
10^ km
1960 1965 1970 1975 1978
*Cars & + t a x i s 67 .7 115.2 161.9 193.3 218.6
*motor c y c l e s 9 .9 6 .6 4 .2 5.1 6 .7
+buses & + coaches 4 . 0 3 .8 3.8 3.8 3 .7
*11ght vans 14.6 17 .9 19 .0 21.1 22 .2
+other goods v e h i c l e s 15.5 18.1 19.4 19.8 21 .4
*mainly us ing  g a s o l i n e  +mainly us ing  d i e s e l  fu e l
Table 1 : Dis tance  covered by v e h i c l e  types in U.K.
World t r a n sp o r t  s t a t i s t i c s  show that  the p ercen tage  i n c r e a s e  in  d i s t a n c e  
t r a v e l l e d  by car p a s s e n g e r s  i n  the UK has been exceeded in  the  per iod  1966-77  
by many o th e r  c o u n t r i e s  a lthough  on ly  the USA and West Germany show h ig h e r  
a c t u a l  d i s t a n c e s  in  1977.  Dramatic i n c r e a s e s  in  Japan (256%) and Y u g o s la v ia  
(533%) are probably  e q u a l l e d  by Comecon c o u n t r i e s  fo r  which the c l a s s i f i c a t i o n  
o f  v e h i c l e s  may not  be comparable.  Es t im ated  annual  d i s t a n c e  by each v e h i c l e  
in  the U.K. was 15 200 km in  1978.
More s i g n i f i c a n t  in  terms o f  f u e l  consumption i s  the c o n g e s t i o n  which i s  
r e f l e c t e d  in the number of  v e h i c l e s / k m  road space ,  shown fo r  1976,  1977 or  
1978 ( a c c o r d in g  to  a v a i l a b l e  d a ta )  i n  t a b l e  2 .
COUNTRY VEHICLES/km ROAD DATE
Belgium 82 1977
Denmark 64 1977
France 62 1977
W. Germany 118 1977
I t a l y 149 1977
N ether land s 122 1976
Un ited  Kingdom 122 1978
EEC o v e r a l l 96 1977
Japan 72 1976
U.S .A . 58 1976
Table 2 : Comparison o f  road c o n g e s t i o n
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2 ,2  Comparison of  Test  procedures
In tahulnt ln f i  performance f i pures for  comparison between v e h i c l e s  a c o m p le t e ly  
r e p r e s e n t a t i v e  road f u e l  consumption i s  the most d i f f i c u l t  to  d e f i n e .  Maximum 
speed,  t i n e  from 0 to 100 km/h, turninp c i r c l e  diameter  w i l l  a l l  be found by 
Independent t e s t e r s  to  be the same w i t h in  a very smal l  t o l e r a n c e .
2 . 2 . 1  O f f i c i a l  f i g u r e s
The o f f i c i a l  answer has been to adapt for t h i s  purpose urban t e s t  c y c l e s  
o r i g i n a l l y  deve loped  for  the d e f i n i t i o n  o f  exhaust  e m i s s i o n s .  Such c y c l e s ,  
o r i g i n a t i n g  in C a l i f o r n i a ,  are now s t i p u l a t e d  in many s e p a r a te  c o u n t r i e s  and 
by the E.M.C. I t  i s  t h i s  l a s t ,  known as ECE15, which i s  adopted by the UK 
government as a b a s i s  for  i t s  urban f u e l  consumption f i g u r e  pu b l i sh e d  by the  
Department o f  Energy a l o n g s i d e  that  a t  two c on s tan t  speeds  .
A problem for  the manufacturer  i s  the sometimes c o n f l i c t i n g  demands of  
a u t h o r i t i e s  in  a l l  the markets in  which one v e h i c l e  type i s  s o l d .  The 
d i f f e r e n t  p a t t e r n s  of  use e v id e n t  in t h e se  markets p r e c lu d e s  any r e a l i s t i c  
common t e s t  procedure .
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Although reasonably  c ons tan t  when compared with  incomes and o ther  c o s t s  the  
apparent in c r e a s e  in f u e l  c o s t s  i l l u s t r a t e d  in  f i g . l  has encouraged buyers  o f  
cars to  c o ns id er  economy data more c a r e f u l l y .  The requirement  
from 197%, to  post  ’o f f i c i a l '  f i g u r e s  on new cars  for s a l e  in the UK i s  
des igned  to he lp  In t h i s  c o n s i d e r a t i o n  s i n c e  a l i s t  of  c o m p a r l t iv e  v a l u e s  for  
a l l  o ther  cars  has to  be provided t o o .  Such f i g u r e s  are only  for one sample  
v e h i c l e  of each c l a s s  (used for at  l e a s t  3000 km) and so a c u s to m e r ' s  
e x p e c t a t io n s  may not he f u l f i l l e d  by another  sample. The c o n s t a n t  speed  
va lues  may be measured on track  or dynamometer whereas the urban c y c l e  must be 
on a dynamometer. Manufacturers conduct the t e s t s  with the Department o f  
Energy having the r i g h t  to w i t n e s s .
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2 . 2 . 2  Dynanometer t e s t i n g
V ar ia t ions  in r e s u l t s  between la b o r a to r i e s  t e s t i n g  the same v e h i c l e  on the  
same c y c le  occur for many reasons some of  which are l i s t e d :
(a )  smoothness of  c ontro l  in f o l low in g  speed-t ime graph v ar ie s  between 
d r i v e r s ,
(b)  gear change e f f e c t s  on manual v e h i c l e s  cannot be the same for a l l  
d r iv er s
( c )  exact  s e t t i n g  of  absorpt ion in comparison with road load can vary,
(d) dynamometer maintenance and c a l i b r a t i o n .
Ce) c o o l i n g  a i r  d i r e c t io n  and f lowrate  a f f e c t s  a i r  i n l e t  and lu b r ic a t in g  
o i l  temperatures,
( f )  f u e l  metering accuracy ( e s p e c i a l l y  at low ra te s  on i d l i n g  and 
r e t a r d a t io n )  can vary,
(g )  diameter and type of  r o l l e r s  (which a f f e c t s  d i s t o r t i o n  of tyre  
compared with road s u r fa c e )  range from 0.2  to 0 .5  m diameter for  
double r o l l e r s  to even larger  s i z e s  for  s i n g l e  r o l l e r s ,
(h) dynamic alignment on large s i n g l e  r o l l e r s  crea tes  ' u p h i l l '  or 'downh il l '  
e f f e c t s ,
( j )  v e h i c l e  mass a f f e c t s  true consumption but dynamometer i n e r t i a  only
a l t e r s  in  9 d i s t i n c t  s teps  ( in  some cases  as large as 20%).
2 . 2 . 3  On-the-road t e s t i n g
A t e s t  procedure developed by one of the authors (MJ) aims to provide a more 
r e a l i s t i c  f i g u r e  than the dynamometer r e s u l t s  of  2 . 2 . 2 .  After a check of  a l l  
recommended s e t t i n g s  on a standard v e h ic l e  as sold to the p u b l i c ,  a f u e l  flow 
meter i s  i n s t a l l e d  us ing the p o s i t i v e  displacement p r i n c ip l e  in conjunct ion  
with a Hall  e f f e c t  proximity transducer.  Spec ia l  procedures have been 
developed for  a l l  types of  f u e l  system inc lu d in g  fue l  i n j e c t i o n .
A standard t e s t  procedure for 1000 mile s  (1600 km) i s  s t r i c t l y  fol lowed  
inc lud ing  four d i s t i n c t l y  d i f f e r e n t  dr iv ing  modes shown in t a b le  3 with  
r e s u l t s  for four t y p i c a l  cars .
2 . 2 . 4  S ing le  i n d i c a t i o n  of f u e l  economy
E x i s t i n g  recommendations are given by various bodies ,  combining separate  
f i g u r e s  in to  an o v e r a l l  value .
V e h ic le s  not capable of  130 km/h
CMCC (Common Market Constructors Committee) 0 .5  (urban c y c l e )  +
0 .5  ( s teady  90 km/h)
SltMT ( S o c ie t y  of  Motor Manufacturers + Traders)
V e h ic le s  capable of 130 km/h +
CMCC { (urban c y c l e )  + (90 km/h) + (120 km/h) } /3
' SMMT 0 .4  (urban c y c l e )  + 0.5  (90 km/h) + 0.1 (120 km/h)
VU 0 .5  (urban c y c le )  + 0.25  (90 km/h) + 0.25 (120 km/h)
By comparison the A.A. f igu r e  shown in tab le  3 i s  the unweighted mean of the 
four t e s t  modes and has been found to c o r r e l a t e  w e l l  with the f u e l  consumption
of a f u l l  1600 km road t e s t .  Drivers a f f e c t  the consumption h e a v i ly  in
c e r ta in  modes and hardly at a l l  in o th e rs .  It  has been found in  t h i s  
programme that  d r iv e r s  tra ined  for t h i s  purpose rare ly  produce d i f f e r e n c e s  of  
more than 2% in  t h e i r  r e s u l t s  for a given car and can reproduce t h e i r  own 
values within a sm al ler  to le r an c e .
Attempts have been made by various workers to explore  the e f f e c t s  of  
d e l i b e r a t e l y  d i f f e r e n t  dr iv in g  methods, the d i f f e r e n c e  between ' a g g r e s s i v e '
2019
and ’normal' g e n e r a l ly  being g rea ter  than that  between 'normal' and 
' g e n t l e ' .  F igures  quoted are:  (+21%, -15%); (+28%, -  13%); (+45%, -  15%); 
(+30%, -  30%).
Widely d i f f e r i n g  r e s u l t s  obtained by d i f f e r e n t  motoring journals  on road t e s t s  
of the same v e h i c l e  have o f ten  been noted even when the same example has been 
submitted for t e s t  in each case .
MODE DESCRIPTION DRIVING
STYLE
FUEL ECONOMY/litre/lOO 
for TYPICAL VEHICLES
km
1 SUBURBAN COLD START,
REVERSE, 4 .8  km 
CIRCUIT, HALTS, 
JUNCTIONS,CRUISE. 
REPEAT WARM
GENTLE
to
BRISK
7.85 7.06 10.46 13.45
2 A + B 
ROADS
COLD START, 
REVERSE, 16 km 
SINGLE CARRIAGE­
WAY A ROADS, 
LANES, TOWr^ , 
VILLAGE, REPEAT 
WARM
BRISK 6.31 5.77 8.25 10.27
3 QUIET 
RURAL
ROUTE AS 2 BUT 
MAX. SPEED 
LIMIT 64 km/h 
& LOWER ACC­
ELERATION
GENTLE 5.46 5.14 7.24 6 .85
4 MOTOR­
WAY
CONSTANT LEGAL 
LIMIT (112km/h)  
OR 85% MAX. 
SPEED IF LOIÆR
8.13  6.81  
( 1 0 7  k m l h ) ( 9 6  k m / h )
9.66 10.27
UNWEIGHTED MEAN BASED ON 
FUEL
MEAN BASED ON 
DISTANCE
6 .9  6 .2  
6.7  6.1
8.2
8 .8
10.2
10.6
Table 3 : AA Fuel consumption programme 
2.3 E f f e c t  of  Operating Var iab les
Examination of the wide range of v a r ia b le s  which have or e f f e c t  on fu e l  
consumption po ints  to means of energy conservat ion  hv improved d r iv in g  
'methods, road planning and t r a f f i c  management.
2 .3 .1  Actual rate  of"progress
Experiments were conducted on a number of  cars  and fu e l  consumptions p l o t t e d  
aga ins t  a c tu a l  rate  of  progress  (rather  than c r u i s in g  speed) .  A family  of  
p l o t s  for d i f f e r e n t  d r iv in g  methods ( f i g . 2) i n d i c a t e s  c l e a r l y  some important  
fa c t o r s  and comparison of  v e h i c l e s  by drawing curves on the same axes  
i n d i c a t e s  the range in  which each has b e t te r  economy.
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Fig .  2 EFFECT OF DRIVING STYLE AND RATE OF PROGRESS ON FUEL C0NSUMPTI0Î
2 . 3 . 2  Type of  s e r v i c e  -  a r e g i o n a l  phenomenon
A f l e e t  of  1800 s i m i l a r  v e h i c l e s  operated  by the A.A. i s  dr iven  by 2200  
d r i v e r s .  Each van i s  based in  one of  the r e g io n s  of  the OK and a l l  cover  
about the same d i s t a n c e  a n n u a l l y .  Thus a u s e f u l  s t a t i s t i c a l  survey  i s  
p o s s i b l e .  R e s u l t s  comparing the a c t u a l  annual  mean consumption wi th  that  
p r e d i c t e d  from sh or t  t e s t s  d e s c r i b e d  in  2 . 2 . 3  and shown in  t a b l e  A g iv e  good 
c o r r e l a t i o n .
REGION HOURLY DISTANCE ROAD TYPE FUEL CON SUMPTION/Jl/100km
km a c t u a l p r e d i c t e d
NORTHAMPTON 80-88 MOTORWAY 1 0 .8 1 0 .8
WEST A WALES 26-37 CROSS-COUNTRY 10.5 1 0 .5
CAMBRIDGE 77-88 TRUNK, FLAT 10 .7 10 .8
SCOTLAND & 26-36 MOSTLY CROSS­ 10 .9 1 0 .8
NORTH IRELAND COUNTRY
NORTH 21-32 TRUNK, URBAN 1 2 .8 1 2 .9
MIDLANDS 21-29 URBAN, MOTORWAY l A . l 1A.2
SOUTH EAST 21-34 CROSS-COUNTRY, 12 .6 1 2 .6
URBAN
GREATER LONDON 19-29 URBAN, 1A.9 1 5 .3
SUBURBAN
Table A : REGIONAL COMPARISON OF FLEET VEHICLES
2 i 3 . 3  T r a f f i c c o n d i t i o n s
Data from the t e s t s  d e s c r ib e d  in  2! . 3 . 1  and 2 . 3 . 2  show t h a t ,  for a g iven
v e h i c l e ,  urban f u e l  consumption i s lower i n  f r e e  f low s i t u a t i o n s  and t h a t ,  f o r
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t r a v e r s i n g  a g iven  road d i s t a n c e  the h ig h e r  the average  speed the lower the  
f u e l  consumption.  This  a c c o rd s  w e l l  with data from A u str a l ia ^ »  and 
U.S .A .  . E x t e r n a l l y  imposed speed l i m i t s  are seen to  have an adverse  e f f e c t  
by encourag in g  'bunching* of  d i s s i m i l a r  v e h i c l e s ,  each of  which has a 
d i f f e r e n t  optimum speed .
2 . 3 . 4  Other f a c t o r s
Fue l  consumption i s  a l s o  seen  to depend upon other  o p e r a t i n g  f a c t o r s  
i n c l u d i n g : ~
a )  c o ld  s t a r t ,  choke o p e r a t i o n ,  manual or a u tom at ic .
Steady running consumption r a t e  was reached in  exper im ents  4 -15  
minutes  a f t e r  c o ld  s t a r t  accord ing  t o  weather c o n d i t i o n s ;
b) d r i v i n g  s t y l e  o f  the i n d i v i d u a l  d r i v e r  ( a t t i t u d e ,  s t a t e  o f  mind,  
f a t i g u e ) ;
c )  t e r r a i n ,  c h o i c e  o f  road fo r  g iven  journey ( t y p e s  of  road,  c o n g e s t i o n ,  
h i l l s ,  c o r n e r s ) ;
d) t ime of  day or n i g h t  ( t r a f f i c  c o n d i t i o n s ) ;
e )  weather ( e s p e c i a l l y  wind but a l s o  snow and r a i n ) ;
f )  unusual  road c o n d i t i o n s  ( h o l i d a y  t ime c o n g e s t i o n ,  road works,  
s p e c i a l  e v e n t s )
g)  v e h i c l e  maintenance  ( e . g .  braking sys tem , i g n i t i o n  and c a r b u r a t io n  
s e t t i n g s ) .
2 .4  E f f e c t  of  d e s ig n  *
F a c t o r s  in heren t  in the v e h i c l e  are l in k e d  wi th  those  in  2 . 3 .  s i n c e  each car  
i s  des ign ed  with a c e r t a i n  range o f  o p e r a t i o n  in m i n d .  R e s u l t s  o f  the type  
shown in  f i g . 2 have been obta in ed  for  a l a r g e  number o f  cars  and comparison  
made based on a number o f  d e s ig n  v a r i a b l e s .
2 . 4 . 1  V e h ic le .M ass
Seen by the authors  as the most s i g n i f i c a n t  des ign  f a c t o r  the v e h i c l e  mass has  
the s t r o n g  c o r r e l a t i o n  w i th  f u e l  consumption which would be exp e c te d  from 
theory wherever h i l l  c l im b in g  and a c c e l e r a t i o n  i s  i n v o l v e d .
Over 100 d i f f e r e n t  v e h i c l e s  were t e s t e d  to produce th e  r e l a t i o n s h i p s  shown in  
t a b l e  5
MODE OF TRAVEL FUEL CONSUMPTION TOLERANCE
l i t r e / l O O  km %
1 URBAN, CONGESTED 0 . 6 2  + 9 . 3  m 8
2 CROSS-COUNTRY 1 .0 1  +  6 . 9  m 10
3 RURAL, LEISURELY 1 .4 4  +  5 . 7  m 8
4 MOTORWAY 3 . 9  + 5 . 1  m 6
where m =* v e h i c l e m a s s / t o n n e
TABLE 5 : FUEL CONSUMPTION RELATED TO MASS
Automatic  t r a n s m i s s i o n s  were seen  to  add, on average ,  13% in  mode 1, 10% in  
mode 2 ,  10% i n  mode 3 and very l i t t l e  in  mode 4.  Spor ts  cars  show poor  
performance in mode 1 for  which t h e i r  eng ine  curves and gears are  
i n a p p r o p r i a t e .
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O p p o r tu n i t i e s  fo r  r e d u c t i o n  in  mass in c lu d e :
a)  r e d u c t i o n  in  t h i c k n e s s  o f  metal  u s i n g  new a l l o y s ;
b) replacement  o f  s t e e l  and c a s t  i ron by l i g h t  a l l o y s ;
c )  replacement  o f  m eta l s  by p l a s t i c s ;
d) r e d u c t i o n  in  t h i c k n e s s  of  g l a s s ;
e)  m a ss - c o n s c io u s  s t r u c t u r a l  d e s i g n .
2 . 4 . 2  Engine c a p a c i t y
I t  i s  not c l e a r  th a t  the r e l a t i o n s h i p  cla imed in  some q u a r te rs  between engine  
swept volume and f u e l  consumption i s  v a l i d  for  European c a r s .  Larger e n g i n e s
are most ly  a s s o c i a t e d  wi th  heavy c a r s .  A p l o t  of the r e s u l t s  from the same
100 cars  a g a i n s t  the ECE15 f u e l  consumption shows a range of  ±30% for each o f  
the major European eng ine  s i z e s  1 . 3 ,  1 .5  and 2 .0  l i t r e s  and, thus ,  a 
c o n s i d e r a b l e  o v e r la p  between t h e se  s i z e s .  Indeed the same v e h i c l e  w i th  two
s i z e s  of  engine  o f t e n  g i v e s  b e t t e r  economy o v e r a l l  with the l a r g e r  eng ine . ,
2 . 4 . 3  Aerodynamics
Most s i g n i f i c a n t  in  high speed o p e r a t i o n  the drag depends at  a g iven  speed on 
C^A ( the  product o f  drag c o e f f i c i e n t  and f r o n t a l  a r e a ) .  The va lue  o f  A 
depends on the s t y l e  of  c a r ,  and r e d u c t io n  i s  l im i t e d  by ease  of  a c c e s s .  Care 
must be e x e r c i s e d  in  drag r e d u c t i o n  as i t  i s  sometimes accompanied by 
i n c r e a s e d  s e n s i t i v i t y  to  c r o s s  winds.
2 . 4 . 4 .  Engine d e s ig n
One of  the most profound e f f e c t s  on f u e l  consumption has been that  of  e m i s s io n  
c o n t r o l  l e g i s l a t i o n  s i n c e  t h i s  has r e s u l t e d  in l o w e r ^comnressfon r a t i o ,  use  o f  
unleaded f u e l  and moving c a r b u r a t io n  and i g n i t i o n  from optimum economy 
s e t t i n g s .
Other f e a t u r e s  r e l a t i n g  to  economy in c lu d e :
(a )  degree o f  t u r b u le n c e  a f f e c t i n g  c y c l i c  v a r i a t i o n ;
(b) compression r a t i o  (and i t s  product ion  v a r i a t i o n  between c y l i n d e r s ) ;
( c )  combustion chamber s u r fa c e :  volume r a t i o ;
(d)  man ifo ld  d e s ig n ;
( e )  thermal l o a d in g  (new m a t e r i a l s  a l low  h igher  l o a d i n g ) ;
( f )  improved c a r b u r a t io n ;
(g )  turbocharg ing;
(h)  m ic r o p r o c e s s o r  eng ine  management g i v i n g  optimum i g n i t i o n  and a i r :  
f u e l  r a t i o  at  a l l  running c o n d i t i o n s .
Because o f  product ion  l e a d - t im e  th e re  i s  a long de lay  be fore  many of  t h e s e  
changes can be i n tr o d u c e d .
2 . 4 . 5  Other de s ig n  f a c t o r s
a )  Gearing de term in es  the a b i l i t y  of  the eng ine  to ope r a te  a t  i t s  most
e f f i c i e n t  a t  any road speed and load .  A large  range o f  o p e r a t io n  can  
only  be covered a p p r o p r i a t e l y  by a wide range of  r a t i o s .
A f i f t h  gear or o v e r d r iv e  e x tend s  the economic range but o ther  means such
as new automat ic  t r a n s m i s s i o n s  w i thout  the energy l o s s e s  of  most e x i s t i n g  
types  are a n t i c i p a t e d .
b) Cool ing  sys tem ,  a i r  in tak e  and m anifo ld in g  de s ig n  a l l  a f f e c t  warm-up t ime  
(mentioned in  2 . 3 . 4 ) .  Continuous fan d r i v e s  are energy w a s t in g  a t  h igh  
speed as  w e l l  as in  the warm up p e r io d .
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c)  Advantages o f  the d i e s e l  eng ine  a t  p a r t - l o a d  are not a v a i l a b l e  at  f u l l  
load but a comparison based on r e qu ired  mix o f  use w i l l  show whether a 
worthw h i le  gain i s  demonstrated and f i g u r e  3 compares the two engine  
t y p e s  for  a t y p i c a l  v e h i c l e .
( 120)
12 1 1098 cm^  Gasoline
2 1457 cm^  Gasoline
3 1471 cm^  D ie s e l
a R e a l - l i f e  road con d it ion s  
b Steady speed10 2ala
8
6
0 .5 1 . 0 1.5 2 . 0
(60)
Journey time 
min/km
(40) (30)
(Rate o f  p r o g r e ss ) 
( km/h )
F i g . 3 FUEL CONSUMPTION COMPARISON -  W  GOLF
d) Component e f f i c i e n c y  and a n c i l l a r y  loads  are s i g n i f i c a n t  and a Sankey 
diagram i l l u s t r a t i n g  some t y p i c a l  l o s s e s  i s  shown in  f i g . 4 .
100
Surplus av a i la b le
83
Steady speed requirement
A lternator Gearbox 
and fan (manual)
F inal
d r ive
R o llin g  
r e s i  stance
Air
r e s i s t a n c e
F ig .4 SANREY DIAGRAM FOR A TYPICAL MOTOR CAR
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e)  Tyre d es ign  prov ides  l i t t l e  scope  f o r  s i g n i f i c a n t  improvement s i n c e  most  
European cars  have r a d i a l  t y r e s .  Correc t  p r e s s u r e s  are r e q u ire d  for  
maximum economy and s a f e t y .
f)  Front-w heel  drive  wi th  t r a n s v e r s e  eng ine  shows 15-20% r e d u c t i o n  in  t r a n s ­
m is s io n  l o s s  over hypoid rear  a x l e  d r iv e  for  much o f  the o p e r a t i n g  range.
g)  Improved roadhold ing  reduces n e c e s s i t y  for f u e l - e x p e n s i v e  speed changes  
on corners  and hends.
A l l  the above may in v o lv e  a p r i c e  p e n a l ty  which must he traded o f f  a g a i n s t  
reduced running c o s t s  over a n t i c i p a t e d  l i f e .
3 . 0  MANUFACTURING ENERGY REQUIREMENT
There i s  a n a t u r a l  r e t i c e n c e  on the part  of  manufacturers to r e v e a l  the data  
n e c e s s a r y  f o r  the com p os i t ion  of  an o v e r a l l  energy input  f i g u r e  f o r  the  
c o n s t r u c t i o n  of  a t y p i c a l  c a r .  P e r s o n a l  o b s e r v a t i o n  of  the procedures  
employed in  a wide range o f  works in  many c o u n t r i e s  have been combined wi th  
p u b l i s h e d  a n a l y s e s  of  energy required for  i n d i v i d u a l  o p e r a t i o n s  (such as s t e e l ,  
c a s t i n g  i r o n ,  manufacturing g l a s s )  and s t u d i e s  of  the p r o p o r t io n s  o f  each  
m a t e r i a l  or product  in each v e h i c l e .
F ig u r e s  p u b l i s h e d  by the Japanese I n s t i t u t e  of  Energy Economics c la im  a f a l l  
from 13-65 G J / v e h i c l e  i n  1973 to  10 .8  G J / v e h i c l e  in  1978.  In comparison  
General  Motors c la im s  that  for U.S .A.  and & Canada e n e r g y / v e h i c l e  f e l l  from 
40 .32  GJ in 1972 to  31 .44  GJ in  1978. This  i s  for a v e h i c l e  mass 1 . 8  t im es  
th a t  of  the Japanese  model . Energy per u n i t  mass i s  lower in  the Japanese  
case  but,  as  only  the energ}^ used ’ i n - h o u s e ’ i s  i n c lu d e d ,  th e re  ar e  
d i f f e r e n c e s  in the pr o p o r t io n  a c t u a l l y  made hy the car maker. B r i t i s h  
manufacturers  b u i l d i n g  cars  comparable to  the Japanese  in  s i z e  c la i m  f i g u r e s  
o f  22 to 30 G J / v e h i c l e .
3 .1  M a t e r i a l s ,  components and manufacture
Looking a t  the major m a t e r i a l ,  s t e e l ,  r e p r e s e n t i n g  h a l f  the m a s s / c a r  i n  s h e e t  
a l o n e ,  v a r i a t i o n s  i n - p r o c e s s  depending on the age of  p lan t  are w ide .  Table 6 
shows comparisons based on the most econom ica l  cou n tr y ,  Japan in  1973 as  100.
Country 1960 1965 1970 1973 1976
Japan 126 115 103 100 96
U.K. 173 163 153 140 144
U.S .A . 163 140 143 135 137
W. Germany 140 129 121 116 117
TABLE 6 : R e l a t i v e  energy  u se  for  s t e e l  p r o d u c t io n
Economies are produced by the use of  cont inu ous  hot c a s t i n g  and by energy  
r e co v e r y  from b l a s t  f u r n a c e s .
For the g l a s s  in d u s t r y  the o v e r a l l  f i g u r e s  need to be m odif ied  fo r  the  
product  used in  c a r s .  Some ex tra  energy  i s  used in the toughening  p r o c e s s  but 
the d i s t r i b u t i o n  of  products  i s  l e s s  d i s p e r s e d  than for  b u i l d i n g  g l a s s .  
C a l c u l a t i o n s  s u g g e s t  that  29 .5  GJ/t  i s  an ap p r o p r ia te  f i g u r e  g i v i n g  1 .1 5  
G J / v e h i c l e  for  windows and 0 .18  GJ for  l i g h t  u n i t s .
S i m i l a r  d e t a i l e d  a n a l y s i s  has been made for  the p r od u c t ion  o f  a u to m o t iv e  p a r t s  
from z i n c  and aluminium a l l o y s ,  p l a s t i c s  and rubber.  In the c a s e  o f  p l a s t i c s  
the b a s i c  f e e d s t o c k  i s  i t s e l f  an energy source  and must be in c lu d e d  i n  the  
t ru e  energy c o s t .
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Tlie m a t e r i a l s  used in  v e h i c l e s  vary in  energy use and the proport ion  o f  each  
v a r i e s  c o n s i d e r a b l y .  A t y p i c a l  breakdown of  p r o p o r t io n s  of  seven types  and 
e n e r g y / u n i t  mass (from 100 to 170 G J / t )  has been used in  producing f i g u r e s  
used l a t e r  of  118 G J / t .  One of  the problems with aluminium products  i s  that  
primary energ>' reou irement  depends h e a v i l y  on the source  of  the n e c e s s a r y  
e l e c t r i c i t y . O f t e n  aluminium p lan t  i s  l o c a t e d  by h y d r o e l e c t r i c  power s t a t i o n s  
and the r a t i o  of  t h e r m a l / e l e c t r i c  energy cannot he a p p l i e d .
Table 7 p r e s e n t s  a summary of the a u t h o r s '  a n a l y s e s  of  m a te r ia l  energy  
requirements  for  three t v n i c a l  c a r s .
MATERIAL MASS/VEHTCLr GROSS 1
kg GJ[
US EURO EURO US EURO EURO
COMPACT MEDIUM SMALL COMPACT MEDIUM SMALL
SHEET STEEL 680 550 300 2 7 . 6 2 3 . 5 1 2 . 8
OTHER STEEL 252 227 118 1 4 .6 1 3 .3 6 . 6
CAST IRON 285 131 92 ... n . 2 5 . 1 3 . 5
ALUMINIUM(ALLOYS) 52 15 17 1 1 .6 4 .4 5 . 1
LEAD 14 12 8 0 . 5 0 . 4 0 . 3
ZINC(+ALLOYS) 10 5 3 0 . 9 0 . 5 0 . 2
COPPER( + ALLOYS) 12 9 7 0 . 6 0 . 5 0 . 3
GLASS 50 35 28 2 .1 1 . 5 1 . 2
RUBBER 65 55 42 9 . 4 7 . 9 6 . 0
PLASTICS 72 44 31 1 0 . 0 6 . 7 4 . 7
PAINT 20 14 8 3 . 8 2 . 7 1 . 5
PAPER, CLOTH, BOARD 51 15 25 1 .5 1 .4 0 . 7
TOTAL MATERIALS 1563 1112 679 9 3 . 2 6 7 . 9 4 2 . 9
MANUFACTURE - - - 3 1 .4 3 8 . 5 3 8 . 5
SUPPLIERS' ENERGY - - - 3 1 .4 3 8 . 5 3 8 . 5
GRAND TOTAL - - - 1 5 6 . 0 1 4 4 .9 1 1 9 . 9
TABLE 7 : VEHICLE ENERGY REQUIREMENT ANALYSIS
It  Is  b e l i e v e d  that  comparable t o t a l s  for  Japanese  cars e q u i v a l e n t  to  the  
European Medium and Small  types  would be 56 and 39 .6  GJ r e s p e c t i v e l y .  The VW 
f i g u r e  f o r  m a t e r i a l s  for  a 1977 Golf  was 49 .4  GJ. Added to  the t a b u l a t e d  
m a t e r ia l s  f i g u r e s  are  those  for  the au tom ob i le  f a c t o r y  i t s e l f .  The e s t i m a t e s  
shown exceed those  in  US and A u s tr a l ia ^  r e p o r t s  which o f t e n  c o n s i d e r  only  
energy purchased as  such by the manufacturer .  I t  i s  c o n s id e r e d  t h a t ,  i n  the  
U.K . ,  between 32 and 45 GJ/car are required  as  gross  thermal e nergy .  In 
a d d i t i o n  energy use f o r  components and s u p p l i e r s  i s  taken as  equa l  t o  t h a t  o f  
the Manufacturer in  the t y p i c a l  European product ion  p a t t e r n .
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3 .2  Econon)^ measures In p r oduct ion
The major scope  f o r  energy  c o n s e r v a t i o n  in  m a t e r i a l s  and p r o c e s s e s  i s  in  the  
f o l l o w i n g  a r e a s : -
a )  r e d u c t i o n  of  mass o f  m a t e r ia l ;
b) s i m p l i f i c a t i o n  o f  components;
c )  compactness  o f  p r oduc t ion  p lant  avo id in g  movement of  sub-  
a s s e m b l i e s  between s i t e s ;
d) double s h i f t  use o f  product ion  f a c i l i t i e s ;
e )  r e d u c t io n  of  manual labour c o n t e n t ;
f )  improved f a c t o r y  i n s u l a t i o n ,  door des ign to  reduce h e a t i n g  
r e q u irem en ts ;
g) new s t e e l - m a k i n g  methods;
h)  beat  re cove r y  from p r o c e ss ;
i )  t r a i n i n g  employees  to save energy .
4 . 0  CONCLUSION
The energy use of  a v e h i c l e  comprises  the two important areas of  manufacture  
gross  energy requirement and energy s u p p l i e d  during use  (mainly for  f u e l ) .
A summary of  t h e se  f i n d i n g s  compared with other  workers are shown in  t a b le  R,
E n er g y /V e h ic le /GJ
Source Watson^ SMMTlZ Authors
Car & Component Manufacture 36 * 130 *does not
Spares and r e p a i r s 2 2 .5 * 60 90 i n c l u d e
f u e l  and o i l 482 594 490 energy
garage trade 10 3 .6 3 used
roads ,  e t c . 10 7 o u t s i d e
A u s t r a l i a
TOTAL 560 .5 657 .6 720
TABLE 8
The a u t h o r s '  va lue  of  
requirement compares with  
76 .8 7  ( H i r s t l ) .
running energy use as  627 of  the t o t a l  energy  
i o t h e r s  of  87 .5 7  (Watson ) ,  90 .3 7  (SMMT ) and
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ABSTRACT
The energy consumption resulting from the use of personal transport has been estimated 
by various means. The major component o f this energy use is that required to run the 
vehicle during its lifetime. Some reasons for the wide variation in on-the-road fuel consump­
tion are indicated and suggestions for the selection and operation o f vehicles for minimum 
fuel use given. Similarly the smaller, but still important capital energy requirement is anal­
ysed by consideration o f the many processes contributing to the completed car. Auto­
motive manufacturing energy estimates cover a wide range and the reasons for this are dis­
cussed. Observations are based on plants in many countries across the world. The paper 
summarises the promising areas for energy conservation in production.
INTRODUCTION
In an attempt to examine the total energy consumption attributable to the 
automobile in the United States in 1970 Hirst and Herendeen [1] examined 
manufacturing energy use, previously not given much attention, as well as run­
ning energy. Their findings, based on earlier work by Berry and Fels [2] and 
by Herendeen [3] stated that 9.4 X 10^  ^ J were used directly in fuel and 
5.8 X IQis J in manufacturing, distributing and maintaining vehicles, refining 
fuels and providing roads. Combined these consumptions were quoted as 
10.5 MJ per vehicle • km. To estimate the equivalent figures a decade later and 
for the European situation with special emphasis on the United Kingdom re­
quires a close examination of the way in which fuel consumption and manu­
facturing energy use are assessed. The reliability of figures for fuel consump­
tion on a national scale is good and can with some accuracy be applied to in­
dividual vehicles. Vehicle manufacturing energy is much more difficult to as­
sess accurately since the path back through all the processes is a tortuous one 
and the forms in which energy is used are various.
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ON-THE-ROAD FUEL CONSUMPTION
It is the direct consumption of gasoline (or diesel fuel) which is the most 
obvious energy demand of the private motor vehicle. Figures are readily avail­
able for the annual quantity of fuel supplied and, assuming stocks held by sup­
pliers and in vehicle tanks to vary little at the end of successive years, this is 
equated to the fuel consumed. Somewhat less definite is the data on distance 
covered by the total car population, or the breakdown into types of journey, 
driving methods, traffic conditions and other variables. Taking figures from 
U.K. official sources the annual distances covered by various vehicle types are 
shown in Table 1.
TABLE 1
Distance covered by vehicle types in the U.K.
Annual distance covered 
(XIO’ km)
1960 1965 1970 1975 1980
Cars* and taxis** 67.7 115.2 161.9 193.3 229.8
Motor cycles* 9.9 6.6 4.2 5.1 7.7
Buses** and coaches** 4.0 3.8 3.8 3.8 3.7
Light vans* 14.6 17.9 19.0 21.1 22.6
Other goods vehicles** 15.5 18.1 19.4 19.8 21.4
♦Mainly using gasoline. 
**Mainly using diesel fuel.
TABLE 2
Comparison o f road congestion
Country Vehicle/km road Year
Belgium 82 1977
Denmark 64 1977
France 62 1977
W, Germany 118 1977
Italy 149 1977
Netherlands 122 1976
United Kingdom 122 1978
E.E.C. overall 96 1977
Japan 72 1976
U.S.A. 58 1976
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World transport statistics show that the percentage increase in distance 
travelled by car passengers in the U.K. has been exceeded in the period 1966— 
77 by many other countries although only the U.S.A. and West Germany 
show higher actual distances in 1977. Dramatic increases in Japan (256%) and 
Yuogoslavia (533%) are probably equalled by Comecon countries for which 
the classification of vehicles may not be comparable. Estimated annual dis­
tance by each vehicle in the U.K. was 15,200 km in 1978.
More significant in terms of fuel consumption is the congestion which is re­
flected in the number of vehicles per km road space, shown for 1976, 1977 or 
1978 (according to available data) in Table 2.
Comparison o f test procedures
In tabulating performance figures for comparison between vehicles a com­
pletely representative road fuel consumption is the most difficult to define. 
Maximum speed, time from 0 to 100 km/h and turning circle diameter will all 
be found by independent testers to be the same within a very small tolerance.
Official figures
The official answer has been to adapt for this purpose urban test cycles 
originally developed for the definition of exhaust emissions. Such cycles, 
originating in California, are now stipulated in many separate countries and by 
the E.E.C. It is this last, known as ECE15, which is adopted by the U.K. 
government as a basis for its urban fuel consumption figure published by the 
Department of Energy alongside that at two constant speeds.
A problem for the manufacturer is the sometimes conflicting demands of 
authorities in all the markets in which one vehicle type is sold. The different 
patterns of use evident in these markets preclude any realistic common test 
procedure.
INDEX JAN 1970 = 100
600
500
400
PREMIUM GASOLINE300
RETAIL PRICE INDEX200
100
1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982
Fig. 1. Typical U .K  price of premium gasoline.
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Although reasonably constant on a long term basis compared with other 
prices, the apparently increasing cost of fuel illustrated in Fig. 1 has en­
couraged purchasers of vehicles to consider economy data more carefully. The 
requirement, dating from 1978, to post “ official” figures on new cars for sale 
in the U.K. is designed to help in this consideration since a list of comparative 
values for all other cars has to be provided too. Such figures are only for one 
sample vehicle of each class (used for at least 3000 km) and so a customer’s ex­
pectation may not be fulfilled by another sample. The constant speed values 
may be measured on track or dynamometer whereas the urban cycle must be 
on a dynamometer. Manufacturers conduct the tests with the Department of 
Energy having the right to witness.
Dynamometer testing
Variations in results between laboratories testing the same vehicle on the 
same cycle occur for many reasons some of which are listed:
(a) smoothness of control in following speed-time graph varies between 
drivers;
(b) gear change effects on manual vehicles cannot be the same for all drivers;
(c) exact setting of absorption in comparison with road load can vary;
(d) dynamometer maintenance and calibration;
(e) cooling air direction and flowrate affect air inlet and lubricating oil 
temperatures;
(f) fuel metering accuracy (especially at low rates on idling and retardation) 
can vary;
(g) diameter and type of rollers (which affects distortion of tyre compared 
with road surface) range from 0.2 to 0.5 m diameter for double rollers 
with larger diameters for single rollers;
(h) dynamic alignment on rollers creates “uphill” or “downhill” effects;
(j) vehicle mass affects true consumption but dynamometer inertia only
alters in 9 distinct steps (in some cases as large as 20%).
On-the-road testing
A test procedure developed by one of the authors [4] aims to provide a 
more realistic figure than the dynamometer results discussed above. After a 
check of all recommended settings on a standard vehicle as sold to the public, 
a fuel flow meter is installed using the positive displacement principle in con­
junction with a Hall effect proximity transducer. Special procedures have 
been developed for all types of fuel system including fuel injection. A stan­
dard test procedure for 1000 miles (1600 km) is strictly followed including 
four distinctly different driving modes shown in Table 3 with results for four 
typical cars.
Single indication o f fuel economy
Existing recommendations are given by various bodies, combining separate 
figures into an overall value:
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TABLE 3
Automobile Association (A.A.) fuel consumption programme
Mode Description Driving
style
Fuel economy for typical vehicles 
(1/100 km)
1 Suburban Cold start, 
reverse, 4.8 km 
circuit, halts, 
junctions, cruise, 
repeat warm
Gentle
to
brisk
7.85 7.06 10.46 13.45
2 A + B 
roads
Cold start, 
reverse, 16 km 
single carriage- 
-way A roads, 
lanes, town, 
village, repeat 
warm
Brisk 6.31 5.77 8.25 10.27
3 Quiet 
rural
Route as 2 but 
max. speed 
limit 64 km/h 
and lower 
acceleration
Gentle 5.46 5.14 7.24 6.85
4 Motorway Constant legal 
limit (112 km/h) 
or 85% max. 
speed if lower
8.13 6.81 
(107 km/h) (96 km/h)
9.66 10.27
Unweighted mean based on fuel 
based on distance
6.9
6.7
6.2
6.1
8.2
8.8
10.2
10.6
{a) Vehicles not capable o f 130 km/h
CMCC (Common Market Constructors Committee), 0.5 (urban cycle) + 
0.5 (steady 90 km/h)
SMMT (Society of Motor Manufacturers + Traders), urban cycle
(b) Vehicles capable o f 130 km/h +
CMCC, {(urban cycle) + (90 km/h) + (120 km/h)}/3 
SMMT, 0.4 (urban cycle) + 0.5 (90 km/h) + 0.1 (120 km/h)
VW, 0.5 (urban cycle) + 0.25 (90 km/h) + 0.25 (120 km/h)
By comparison the A.A. figure shown in Table 3 is the unweighted mean of 
the four test modes and has been found to correlate well with the fuel con­
sumption of a full 1600 km road test. Drivers affect the consumption heavily 
in certain modes and hardly at all in others. It has been found in this program­
me that drivers trained for this purpose rarely produce differences of more 
than 2% in their results for a given car and can reproduce their own values 
within a smaller tolerance.
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Attempts have been made by various workers to explore the effects of de­
liberately different driving methods, the difference between “aggressive” and 
“normal” generally being greater than that between “ normal” and “gentle”. 
Figures quoted are: (+21%, -15%): (+28%, -13%); (+45%, -15%); (+30%, 
-30%).
Widely differing results obtained by different motoring journals on road 
tests of the same vehicle have often been noted even when the same example 
has been submitted for test in each case.
Effect o f  operating variables
Examination of the wide range of variables which have an effect on fuel 
consumption points to means of energy conservation by improved driving 
methods, road planning and traffic management.
Actual rate o f progress
Experiments were conducted [4] on a number of cars and fuel consump­
tions plotted against actual rate of progress (rather than cruising speed). A 
family of plots for different driving methods (Fig. 2) indicates clearly some 
important factors and comparison of vehicles by drawing curves on the same 
axes indicates the range in which each has better economy.
Brisk )
Normal > driving 
Economy i 
Steady speed  
( for comparison )
14-
12-
10 -
£
oo
1.00.5 1.5 2.0
(120) (60)
Journey time 
min /  km
(40) (30)
(  Rate of progress \  
\  km/h /
Fig. 2. Effect o f driving style and rate of progress on fuel consumption.
TABLE 4
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Regional comparison of fleet vehicles
Region Hourly distance 
(km)
Road type Fuel consumption (1/100 km)
actual predicted
Northampton 8 0 -8 8 Motorway 10.8 10.8
West and Wales 26—27 Cross-country 10.5 10.5
Cambridge 7 7 -8 8 Trunk, flat 10.7 10.8
Scotland and Mostly cross­
North Ireland 26—36 country 10.9 10.8
North 21—32 Trunk, urban 12.8 12.9
Midlands 2 1 -2 9 Urban, motorway 14.1 14.2
South East 2 1 -3 4 Cross-country,
urban 12.6 12.6
Greater London 1 9 -2 9 Urban, suburban 14.9 15.3
Type o f service — A regional phenomenon
A fleet of 1800 similar vehicles operated by the Automobile Association is 
driven by 2200 drivers. Each van is based in one of the regions of the U.K. and 
all cover about the same distance annually. Thus, a useful statistical survey is 
possible. Results comparing the actual annual mean consumption with that 
predicted from short tests described in Table 3 and shown in Table 4 give 
good correlation.
Traffic conditions
Data from the tests described in the two sections immediately above show 
that, for a given vehicle, urban fuel consumption is lower in free flow situa­
tions and that for traversing a given road distance, the higher the average speed 
the lower the fuel consumption. This accords well with data from Australia 
[5,6] and the U.S.A. [7]. Externally imposed speed limits are seen to have an 
adverse effect by encouraging “bunching” of dissimilar vehicles, each of 
which has a different optimum speed.
Other factors
Fuel consumption is also seen to depend upon other operating factors
including:
(a) cold start, choke operation, manual or automatic (steady running con­
sumption rate was reached in experiments 4—15 minutes after cold start 
according to weather conditions);
(b) driving style of the individual driver (attitude, state of mind, fatigue);
(c) terrain, choice of road for given journey (types of road, congestion, hills, 
comers);
(d) time of day or night (traffic conditions);
(e) weather (especially wind but also snow and rain);
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(f) unusual road conditions (holiday time congestion, road works, special 
events); and
(g) vehicle maintenance (e.g. braking system, ignition and carburation 
settings).
Effect o f  design
Factors inherent in the vehicle are linked with those discussed above since 
each car is designed with a certain range of operation in mind. Results of the 
type shown in Fig. 2 have been obtained for a large number of cars and com­
parisons made based on a number of design variables.
Vehicle mass
Seen by thq authors as the most significant design factor, the vehicle mass 
has the strong correlation with fuel consumption which would be expected 
from theory, wherever hill climbing and acceleration is involved.
More than 100 different vehicles were tested to produce the relationships 
shown in Table 5.
Automatic transmissions were seen to add, on average, 13% in mode 1, 10% 
in mode 2, 10% in mode 3 and very little in mode 4. Sports cars show poor 
performance in mode 1 for which their engine curves and gears are in­
appropriate.
Opportunities for reduction in mass include: (a) reduction in thickness of 
metal using new alloys; (b) replacement of steel and cast iron by light alloys;
(c) replacement of metals by plastics; (d) reduction in thickness of glass; and
(e) mass-conscious structural design.
TABLE 5
Fuel consumption related to mass
Mode o f travel Fuel consumption Tolerance
(see TaQe 3) (1/100 km) (9%)
1 Suburban 0.62 + 9.3 m* 8
2 A and B roads 1.01 + 6.9 m 10
3 Rural 1.44 + 5.7 m 8
4 Motorway 3.9 + 5.1 m 6
® m = vehicle mass (tonne).
Engine capacity
It is not clear that the relationship claimed in some quarters between 
engine swept volume and fuel consumption is valid for European cars. Larger 
engines are mostly associated with heavy cars. A plot of the results from the 
same 100 cars against the ECE15 fuel consumption shows a range of 30% for
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each of the major European engine sizes 1,3, 1.5 and 2.0 litres and, thus, a 
considerable overlap between these sizes. Indeed the same vehicle Avith two 
sizes of engine often gives better economy overall with the larger engine.
Aerodynamics
Most significant in high speed operation, the drag depends at a given speed 
on C^A (the product of drag coefficient and frontal area). The value of A  de­
pends on the style of car, and reduction is limited by ease of access. Care must 
be exercised in drag reduction as it is sometimes accompanied by increased 
sensitivity to cross winds.
Engine design
One of the most profound effects on fuel consumption has been that of 
emission control legislation, since this has resulted in lower compression ratio, 
use of unleaded fuel and moving carburation and ignition from optimum 
economy settings.
Other features relating to economy include: (a) degree of turbulence affect­
ing cyclic variation; (b) compression ratio; (c) combustion chamber surface: 
volume ratio; (d) manifold design ; (e) thermal loading (new materials allow 
higher loading); (f) improved carburation; (g) turbocharging; and (h) micro­
processor engine management giving optimum ignition and air: fuel ratio at all 
running conditions.
Because of production lead time there is a long delay before many of these 
changes can be introduced.
Other design factors
(a) Gearing determines the ability of the engine to operate at its most effi­
cient at any road speed and load. A large range of operation can only 
be covered appropriately by a wide range of ratios. A fifth gear or over­
drive extends the economic range but other means such as new auto­
matic transmissions without the energy losses of most existing types 
are anticipated.
(b) Cooling system, air intake and manifolding design all affect warm-up 
time. Continuous fan drives are energy-wasting at high speed as well as 
in the warm-up period.
(c) Advantages of the diesel engine at part-load are not available at full 
load but a comparison based on required mix of use will show whether 
a worthwhile gain is demonstrated and Fig. 3 compares the two engine 
types for a typical vehicle.
(d) Component efficiency and ancillary loads are signifcant, especially at 
low engine outputs.
(e) Tyre design provides little scope for improvement since most 
European cars have radial tyres. Correct pressures are required for 
maximum economy and safety.
(f) Front wheel drive associated with transverse engine shows a reduction 
of 15—20% in transmission power loss over hypoid rear axle drive.
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Fig. 3. Fuel consumption comparison — VW Golf.
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(g) Improved roadholding reduces the necessity for fuel-expensive speed 
changes on comers and bends.
All the above may involve a price penalty which must be traded off against 
reduced running costs over anticipated life.
M ANUFA(TrURING ENERGY REQUIREM ENT
There is a natural reticence on the part of manufacturers to reveal the data 
necessary for the composition of an overall energy input figure for the con­
struction of a typical car. Personal observation of the procedures employed in 
a wide range of works in many countries have been combined with published 
analyses of energy required for individual operations (such as casting iron, 
manufacturing glass) and studies of the proportions of each material or prod­
uct in each vehicle.
Figures published by the Japanese Institute of Energy Economics claim a 
fall from 13.65 GJ per vehicle in 1973 to 10.8 GJ per vehicle in 1978. In com­
parison, General Motors claims that for U.S.A. and Canada energy per vehicle 
fell from 40.32 GJ in 1972 to 31.44 GJ in 1978. This is for a vehicle mass 
1.8 times that of the Japanese model. Energy per unit mass is lower in the 
Japanese case but, as only the energy used “in-house” is included, there are 
differences in the proportion actually used by the car maker. British manu­
facturers building cars comparable with the Japanese in size claim figures of 
22 to 30 GJ per vehicle.
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TABLE 6
Relative energy use for steel production (Japan, 1973 = 100)
Country 1960 1965 1970 1973 1976
Japan 126 115 103 100 96
U.K. 173 163 153 140 144
U.S.A. 163 140 143 135 137
W. Germany 140 129 121 116 117
Materials, components and manufacture
Looking at the major material, steel, representing 350 kg per vehicle in 
sheet alone, variations in process depending on the age of plant are wide.
Table 6 shows comparisons based on the most economical country, Japan in 
1973, as 100. - > .
Economies are made by the use of continuous hot casting and by energy re­
covery from blast furnaces.
For the glass industry the overall figures [8] need to be modified for the 
product used in cars. Some extra energy is used in the toughening process but 
the distribution of products is less dispersed than for building glass. 
Calculations suggest that 29.5 GJ/Mg is an appropriate figure giving 1.15 GJ 
per vehicle for windows and 0.18 GJ for light units [4].
Similar detailed analysis has been made for the production of automotive 
parts from zinc and aluminium alloys, plastics and rubber. In the case of plast­
ics the basic feedstock is itself an energy source and must be included in the 
true energy cost.
The materials used in vehicles vary in energy use and the proportion of each 
varies considerably. A typical breakdown of proportions of seven types and 
energy per unit mass (from 100 to 170 GJ/Mg) has been used in producing 
figures used later of 118 GJ/Mg. One of the problems with aluminium prod­
ucts is that primary energy requirement depends heavily on the source of the 
necessary electricity. Often an aluminium plant is located near a hydroelectric 
power station and the ratio of thermal/electric energy cannot be applied.
Table 7 presents a summary of the authors’ analyses of material energy re­
quirements for three typical vehicles.
It is believed that comparable totals for Japanese cars equivalent to the 
European Medium and Small types would be 56 and 39.6 GJ respectively. The 
VW figure for materials for a 1977 Golf was 49.4 GJ [9]. Added to the tab­
ulated materials figures are those for the automobile factory itself. The esti­
mates shown exceed those in U.S. [10] and Australia [11] reports which 
often consider only energy purchased as such by the manufacturer. It is con­
sidered that, in the U.K., between 32 and 45 GJ per car are required as gross 
thermal energy. In addition, energy use for components and suppliers is taken 
as equal to that of the manufacturer in the typical European production 
pattern.
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TABLE 7
Vehicle energy requirement analysis
Material Mass vehicle 
(kg)
Gross energy/vehicle 
(GJ/Mg)
U.S.
compact
Euro
medium
Euro
small
U.S.
compact
Euro
medium
Euro
small
Sheet steel 680 550 300 27.6 23.5 12.8
Other steel 252 227 118 14.6 13.3 6.6
Cast iron 285 131 92 11.2 5.1 3.5
Aluminium (alloys) 52 15 17 11.6 4.4 5.1
Lead 14 12 8 0.5 0.4 0.3
Zinc (+ alloys) 10 5 3 0.9 0.5 0.2
Copper (+ alloys) 12 9 7 0.6 0.5 0.3
Glass 50 35 28 2.1 1.5 1.2
Rubber 65 55 42 9.4 7.9 6.0
Plastics 72 44 31 10.0 6.7 4.7
Paint 20 14 8 3.8 2.7 1.5
Paper, cloth, board 51 15 25 1.5 1.4 0.7
Total materials 1563 1112 679 93.2 67.9 42.9
Manufacture - - - 31.4 38.5 38.5
Suppliers’ energy - - - 31.4 38.5 38.5
Grand total - - — 156.0 144.9 119.9
A major advantage is obtained by siting factories in temperate areas where 
heating and cooling loads are minimised. Further benefit results from building 
the whole vehicle on one site, preferably under one roof, thus reducing trans­
port energy, factory heating and air changes, and avoiding protection and 
cleaning of components for transit [12]. Japanese companies appear to gain 
by following these principles.
Economy measures in production
The major scope for energy conservation in materials and processes is in the 
following areas.
(a) reduction of mass of material;
(b) simplification of components;
(c) compactness of production plant avoiding movement of sub-assemblies 
between sites;
(d) double shift use of production facilities;
(e) reduction of manual labour content;
(f) improved factory insulation, door design to reduce heating requirements;
(g) new steel-making methods;
(h) heat recovery from process; and
(i) training employees to save energy.
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t a b l e  8
Comparison of energy use per vehicle (GJ)
Source Watson [11] SMMT [13] Authors
Car and component manufacture 36* 130
Spares and repairs 22.5* 60 90
Fuel and oil 482 594 490
Garage trade 10 3.6 3
Roads, etc. 10 7
Total 560.5 657.6 720
♦Does not include energy used outside Australia.
CONCLUSION
The energy use of a vehicle comprises the two important areas of manu­
facture gross energy requirement and energy supplied during use (mainly for 
fuel). A summary of these findings compared with other workers are shown in 
Table 8.
The authors’ value of running energy use as 62% of the total energy require­
ment compares with others of 87.5% [11], 90.3% [13] and 76.8% [1].
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1.0 Introduction
The energy used in transportation is for ’capital’ and ’running’ 
purposes. This paper is concerned almost entirely with the running 
energy since the opportunities for conservation in capital energy content 
are not of significantly different type from those for other manufactured 
articles covered elsewhere in this seminar.
1.1 Energy Use in UK transport
To place this field in perspective as a user of energy, statistics show 
gradual increases in quantity of energy but more significantly in the 
proportion of total consumption for all purposes (table 1).
This trend suggests that transport is an activity from which there is 
considerable national advantage in encouraging energy conservation.
An additional cause for concern is the very high proportion of this
energy which derives from petroleum. Table 2 shows the quantity and 
proportion of oil used for road transport during the period covered in 
table 1.
As alternative fuels have replaced oil in some other applications, road
transport represents a larger proportion of total oil used. This factor 
requires particular attention as we approach the peak of the oil supply 
curve. The drop in percentage of total oil in 1984 is caused by 
increased oil use in power stations during the coal dispute.
1.2 Scope for Energy Conservation
Of more fundamental value than exploring detailed means of reducing 
consumption of energy per tonne km or energy per seat km, is questioning
the necessity for present levels of freight and passenger movement.
There is, for example, considerable variation in the distance travelled 
annually per capita of the population between various countries- In 
Europe this is from 1200 to 1600 km/capita annum at an average 
consumption 150 g/km for commercial vehicles and from 3000 to 4000 
km/capita annum at an average consumption 75 g/km for private cars 
(including business use). (2).
1.2.1 Traffic reduction in traditional methods of travel 
Possibilities include:
(a) Movement of bulk materials on fixed routes is more energy efficient 
by pipeline-
(b) Urban organisation can be used on a long term basis to reduce 
distances travelled by residents between home and work, although 
this is likely to be of limited value in the UK society.
(c) Industrial organisation can be used to reduce movement of components 
and sub-assemblies between different locations, a practice prevalent 
in UK, especially in the motor industry.
(d) Telecommunications developments reduce the necessity for movement of 
staff between locations for meetings and many other work activities.
(e) Computer routing of transport activities can be used to optimise 
transport utilisation.
1.2.2 Balance between modes of transport and between energy sources
Estimates of energy use have been calculated for passenger travel and are 
shown in table 3.
Although the fuels are not identical the calorific values are in a very 
small range and so table 3 indicates a measure of the fuel utilisation of 
the various modes of transport for passengers. The necessity for some 
forms of travel (rail, bus, air) to be supplemented by other forms at 
each end of the main route must be allowed for in any true comparison.
Similar comparisons are made for freight transport in table 4.
Railways have the additional advantage that on densely used routes, where 
the expense of electrification can be justified, they are independent of 
primary fuel source. This enables nuclear resources to provide energy 
for transport using existing technology.
Choice of mode of transport often depends upon deeply ingrained personal 
preferences, especially in the case of passenger transport. Private 
investment in a vehicle is not based on the same financial calculations 
as an industrial concern would employ- Lifestyle has an unquantifiable 
effect in this field which would only be affected by considerable price 
differences in terms of pence/km. These may arise by market changes but 
government action in terms of subsidies, taxation (e.g. for use of 
private vehicles in inner cities) and controls are advocated in some 
circles.
1.2.3 Energy storage
A distinctive feature of, the energy requirements of transport is that, 
with the exception of fixed track systems, the fuel or other energy store 
• has to be carried at the expense of passenger or freight space and 
mass. The energy/unit mass and energy/unit volume are thus important 
properties of such energy stores, including the containment required. It 
is for this reason that transport is claimed to be a premium use of 
liquid hydrocarbons. In the most serious case, the aircraft has not only 
to carry its energy store but to lift it off the ground at the beginning 
of the journey when its mass is highest- A table of relative values for 
the specific energy of different storage systems is given in table 5 and 
the subject is dealt with in more detail in reference 7.
2.0 Engineering changes in vehicles and power plant
2.1 Road vehicles
The vast majority of road vehicles employ the internal-combustion engine.
In the UK about half the energy used in transport is by private cars and 
motorcycles using gasoline, a highly refined product to which lead alkyls 
have been added as combustion control agents. It is this type of fuel 
that is most sensitive to changes in methods of manufacture. Diesels 
will penetrate this market gradually.
2.1.1 Spark-ignition engines
Possible developments include:
(a) Improved control methods for ignition and carburation.
(b) Microprocessor-based engine management systems to optimise items in
(a). The success of this could be jeapordised by the adoption of 
widely differing fuel specifications by various nations-
(c) Stratified-charge engines. These would enable a weaker mixture to 
be used at part load, a region in which present engines give low 
efficiency- (9)
(d) Homogeneous lean-burn engines. Possibly this concept would be 
combined with high compression ratio to give higher output for a 
given size than would otherwise be the case. (10)
Need to retain high ON fuels is a disadvantage unless alcohol fuels
(from biomass) become widely available.
(e) Greater knowledge, through new computing and measuring techniques, 
of the gas exchange and combustion processes in engines.
2.1.2 Compression-ignition engines 
Possible developments include:
(a) Wider adoption of turbocharging, at increased pressure ratios.
(b) Improved control of fuel injection.
(c) Reduced cooling (22)
(d) Improved design of combustion chambers, based on methods of (e) in
2.1.1 (e).
(e) Compound cycles (23)
(f) Extended use of direct injection for smaller engines.
References 11, 12 outline some of the problems of these developments.
2.1.3 Gas turbines
Interest in the gas turbine as a potential land transport engine has 
increased recently with the possibilities of much higher thermal 
efficiencies than in the first generation of such units. Again the value 
would be in the wide range of fuels acceptable to power plants using 
continuous rather than cyclic combustion. (13)
2.1.4 Electric power
Increased use of electric power would render the road vehicle less 
vulnerable to the very sensitive oil supply situation. With current 
technology this development is seen as concentrating on the very large
proportion of journeys made by the majority of road vehicles at short
range from home bases. Considerable effort needs to be added to that 
already in progress on storage, control systems and motors. Of these the 
most critical to progress is storage, present day lead-acid batteries
storing about three thousandths of the energy in the same mass of 
hydrocarbon liquid fuels. Commercial vehicles and public service 
vehicles are operating using existing methods and rapid development would 
bring about a useful reduction in oil consumption. (14, 15, 16)
2.1.5 Hybrid systems
Many of the advantages of the electric vehicle can be retained, while 
increasing the range, using a hybrid system of small prime mover and 
electricity generation on-board. This engine can run under limited 
conditions removing many of the problems of transient operation.
2.1.6 Vehicle design
Possible areas for improvement include:
(a) Transmission/power plant matching to allow power unit to work at 
optimum conditions, especially by development in continuously 
variable transmissions (24).
(b) Vehicle aerodynamics. This brings greater benefits on long 
distance, high-speed operation. Improvements beyond a certain point 
are not possible, especially on small cars, because of the short 
length.
(c) Lower mass through use of light alloys and reinforced plastics.
This is of greatest benefit in urban ’stop-start’ motoring. There
is an almost linear inverse relationship between mass and fuel 
economy under these conditions. Less important for heavy goods 
vehicles where payload is a larger part of total (except on empty 
return runs).
2.1.7 Road and traffic planning and driver education
Increased awareness of the need to conserve energy is to be expected 
among those planning road layouts. The avoidance of unnecessarily tight 
bends, for example, reduces the need for rapid speed changes which are 
very costly in fuel. Similarly, traffic sequencing in towns to avoid 
long idle periods and ’stop-start’ conditions will reduce both fuel 
consumption and atmospheric pollution. (17). The effect of both road 
conditions and driving methods on fuel consumption can be quite dramatic 
(18).
2-2 Railways
Railways present a different picture since there is effectively only one 
operator in the UK. Decisions made can be implemented much more widely. 
Equipment, however, has a much longer lifespan than for road vehicles and 
so replacement by improved types is inevitably slower. Ref. 4 includes a 
section on rail transport, while ref.26 presents a recent review of rail 
energy considerations.
2.2.1 Power units - Compression-ignition
Many of the power unit topics mentioned under 2.1.2 above are applicable 
to rail diesel engines. Greater efficiency can be expected here since 
the transients are less severe.
2.2.2 Power u n its  -  E le c tr ic
Improved motors and co n tro l system s could provide a s tea d y , but not 
dram atic, reduction  in  energy consum ption. Linear motors and d e v ic e s  
developed from th ese  such as Maglev would appear to be of lim ite d  
a p p lica tio n  in  the near fu tu re . (19)
2-2.3 Design and operation
Possible areas of development include:
(a ) Aerodynamic improvements are o f p a r tic u la r  value on long d is ta n c e  
t r a in s . The len gth  o f a tra in  lends i t s e l f  to good aerodynam ics. 
Improvements have been made by mass and drag red u ction  r e su lt in g  in  
energy savings from tr a d it io n a l  to HST and APT d esign s o f 33% and 
45% r e sp e c t iv e ly .
(b) Track/vehicle design to eliminate excessive speed variation to 
negotiate bends. (e.g. tilting coaches).
(c) Reduction in mass, especially for local trains.
(d) Carefully planned operating schedules for acceleration and braking, 
especially on local trains for which this is a large part of their 
operation.
(e) Regenerative braking.
(f) Use of battery railcars on branch lines, charged while running part 
of journey on electrified main line.
(g) Improved access to rail, especially for goods, encouraging use in 
preference to road.
2.3 Air Transport
This is largely an international form of transport as far as the UK is 
concerned. Internal air travel is mainly for business purposes where 
time is at a premium. In recent times British engines have held a larger 
share of the market than British airframes. Fuel now represents about 
25% of the direct operating costs of medium haul routes. Growth in air 
travel is expected to be greater than for other forms in the next 50 
years.
2.3.1 Airframe developments
Improvements are expected (4) to stem from:
(a) Development of materials including new alloys, reinforced plastics, 
structural methods.
(b) Avionics systems requiring much smaller space and of lower mass.
(c) Advanced active control concepts allowing lighter, lower drag flying 
surfaces.
(d) Greater aerodynamic e f f ic ie n c y ,  e s p e c ia l ly  of high l i f t  c o e f f ic i e n t  
wings.
(e) Larger capacity aircraft.
It has been suggested  that a ir sh ip s  could o f f e r  a sav in g  in  energy. This 
i s  only true when speeds are very much lower than for  co n v en tio n a l
a ir c r a f t  carrying the same lo a d s. The p r in c ip a l advantages of a ir sh ip s  
l i e  in  th e ir  a b i l i t y  to make "beeline" journeys between sim ple term in als  
and in th e ir  ca p a c ity  for using  a lte r n a t iv e  energy sources (gaseous  
fu e ls ,  so la r  and nuclear energy in  p a r t ic u la r ) .
2.3.2 Power plants
Any marked improvement in one step appears unlikely but possible changes 
include:
(a) Use of higher pressure ratios.
(b) Use of higher by pass ratios for some aircraft tyres.
(c) Increase in efficiency of components by careful detailed design.
(d) Exploration of possible alternative fuels, e.g. liquid hydrogen and 
synthetic hydrocarbons-
(e) Improved engine controls optimising operating conditions.
(f) Better integration of engine with airframe, laminar flow control.
(g) Possible use of propfan engines in certain speed ranges.
Ref.26 indicates the possible scope of various schemes.
2.3.3 Operations
Air transport would appear to have more to gain than other transport 
forms from more carefully optimised operation. This would include:
(a) Load factor improvement.
(b) More sophisticated computer control to optimise flight path and for 
air traffic control to reduce time in the air for a given journey.
(c) Route planning to reduce number of flights required.
(d) Improved air-ground interchange and surface connections by economic 
public transport.
2.4 Water transport
The great majority of international freight movements are by sea 
representing about 2.5% of world fossil fuel use. Passenger transport is 
mainly over short distances such as cross-channel ferries between UK and 
mainland Europe. As for aircraft, fuel represents about a quarter of 
direct operating costs, more for very large crude carriers.
2.4.1 Hull development
(a) Design changes could reduce fuel consumption of future generations 
of ships.
(b) Fewer, larger ships would give lower average energy/tonne km values.
(c) Maintenance of underwater surface and new anti—fouling treatment 
methods could be applied to existing stock.
2.4.2 Power plants
(a) Improved detail design and some cycle modifications could contribute 
to higher efficiencies in steam and diesel units.
(b) Availability of larger diesels would enable less efficient steam 
plant to be replaced. Acceptance of lower speeds would allow
existing diesel engines to be used in the largest ships.
(c) As oil becomes more difficult to obtain, coal or coal-oil 
suspensions may be introduced, the latter for use in modified diesel 
engines.
(d) Design and infrastructure implications of such fuels would need 
early consideration.
(e) Wind power assistance in various forms is proposed using modern 
technology. This would be combined with smaller diesel engines 
which, alone, would handle adverse conditions and manoeuvring.
2.4.3 Operations
(a) Lower service speeds giving lower energy/tonne km.
(b) Improved route planning to increase load factors and to take 
advantage of sea and wind conditions.
(c) More carefully controlled engine management could provide some 
increase in overall efficiency with the help of microelectronics.
(d) Inland waterways could carry a larger proportion of traffic further 
inland than at present at lower energy costs than for land-based 
methods-
3.0 Conclusions
The IMechE is in a good position to contribute to the public interest in 
the area of transport energy conservation. It can do this through its
meetings, conferences and publications- These activities encourage
collaboration between those working for the same objectives, avoid 
unnecessary repetition and overlap of effort and help to make research,
design and development more cost effective. The Institution serves too
as a meeting place for those working in various industries, in research 
organisations, government departments and universities and for those 
working in research, design, production and operation areas of the same 
industry. Co-operation with other appropriate societies, for example in 
the development of alternative fuels, should be pursued.
3.1 National priorities in the transport energy field.
There is a two stage pattern to the development of a more energy- 
efficient transport system.
(a) In the short term improvements must be sought using existing vehicle 
types and infrastructure, examples of which are:
Power plant development
Ligher structures based on improved materials and stress 
analysis techniques*
Improved controls by applying microelectronics 
Better aerodynamics*
Improved road layout and traffic control 
Optimised operating patterns
*These changes may only be possible in the medium terra where vehicle life 
is longer (e.g. railway stock).
During this stage the special need of transport for a compact and light 
energy source must be recognised so that it is the priority for limited 
oil resources.
(b) In the longer term new types of vehicle, power unit and the 
associated infrastructure will be required. Early expenditure in 
research, design, development and pilot production will be needed to 
demonstrate these new concepts. Some of the areas to be covered 
are:
Replacement liquid fuels (e.g. from coal, biomass) (20)
Engine types adapted to use these fuels (21)
Other power sources and storage systems (e.g. battery-electric,
hybrid i.c.e.-electric)
Increased proportion of rail electrification
New vehicle designs 
All the above measures have interrelationships with others and only a 
stated national transport policy will enable the priorities to be 
effectively evaluated. Each development has implications not only for UK 
energy consumption but also for export opportunities for UK industry.
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1 Year 1968 1973 1979 1981 1983 1984
Transport energy/lO^^J 1.09 1.36 1.48 1.43 1.51 1.58
% of gross inland 12.4 14.6 15.2 17.3 18.3 19.4
% of final inland 18.7 21.2 22.7 24.8 26.4 27.7
Table 1 Data from ref. 1
Year 1968 1973 1979 1981 1983 1984
Road transport oil 0.79 1.01 1.10 1.09 1.11 1.26
% of total transport energy 72.4 74.5 74.5 75.9 76.5 79.4
% of total oil, all uses 22.2 22.6 22.9 36.7 40.0 35.1
Table 2 Data from ref. 1
MJ/seat km
Assumed
Load
Factor
Average 
MJ/passenger km
International %
Aircraft (747 type) 1.35 50 2.7
Aircraft (Airbus type) 1.2 50 2.4
Inter City
Electric Loco hauled train 0.46 - 0.47 45 1.0
Diesel loco hauled train 0.38 - 0.41 45 0.9
APT (200 km/h) 0.5 40 1.3
Express Coach 0.20 - 0.26 65 0.4
Scheduled aircraft 2.20 - 3.00 65 3.9
Suburban
Electric train (AC) 0.30 - 0.45 25 1.6
Electric train (DC) 0.24 - 0.32 25 1.1
Express bus 0.22 - 0.27 25 1.0
Urban
Double decker bus 0.15 - 0.23 25 0.8
■ Underground train 0.20 - 0.24 14 1.6
Rural
Diesel multiple unit train 0.29 - 0.36 20 1.6
Single decker bus 0.19 - 0.23 15 1.4
Average
Load
Occupants
Car
Motorway 0.55 - 0.65 2.0 1.5
Urban 0.6 - 0.7 1.5 2.3
Rural 0.5 - 0.55 1.7 1.4
Motorcycle
Motorcycle 0.94 1.1 1.7
Moped 0.94 1.0 0.9
Table 3 Primary Energy Consumption Estimates Data based on ref.
for Passenger Transport 3, 4, 5, 18, 26, 27.
Approximate 
MJ/tonne km
RAIL
Merry-go-round 
Freightliner 
Other trainload 
Wagonload
ROAD
Heavy Lorry (Load over 10 t) 
Bulk materials 
Bulk chemicals 
General Goods 
Containers 
Delivery work
1.1 - 0.4
1.6 - 0.5
1.2 - 0.4
1.7 — 0.6
Medium Lorry (Load over 3 
General Goods 
Tipping 
Furniture
Light Vehicles
Delivery work 
Parcels trunking 
Parcels delivery
WATER
Coastal Shipping
PIPELINES
Oil pipelines
t)
2.4 
2 . 2
3.5 
2.4 
2.7
2.9
3.2
7
24
5
40
1.4 
1.1  
0.9 
0.9
1.4
1 . 1
1.3 
2
3
2.4 
10
0.4 - 0.1
0.3 - 0.1
Note : 
Table 4
The wide ranges given reflect the diversity 
factors in each category. The high and low 
extreme limits of energy utilisation.
Primary Energy Consumption Estimates 
for Freight Transport
of users and load 
figures are not th
Data based on ref.
Storage form of Energy/mass Energy/volume
Energy
kJ/kg MJ/m3
kinetic flywheel 77 413
strain rubber ’spring’ 43 48
electrical lead acid cell 120 286
sodium sulphur cell 790 1 325
thermal lithium fluoride 1 810 2 970
chemical hydrogen (as hydride) 8 100 7 910
methanol 18 700 14 840
gasoline 39 800 30 630
Table 5 Data from ref. 8
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Introduction
The purpose of an energy policy is to support, through 
proper management o f the processes of supply and 
consumption of energy, the advancement of the economy. 
The energy consumed in the UK by final users in 1982 
had a market value of £30 billion or 11 per cent o f Gross 
Domestic Product. This was comparable with the Social 
Security expenditure in the same year o f £34 billion and 
almost twice as much as the Defence budget o f £ 16 billion. 
Two-thirds of the energy, high as it may seem to be, does 
not properly reflect its crucial importance to many 
spheres of activity: industrial, commercial, transport, and 
social.
It is not sufficient that the management o f such a vital 
national resource be left to parochial market forces, 
particularly as the UK energy consumption in relation to 
GDP is over 40 per cent greater than in countries such as 
West Germany and Japan, with which the UK has to 
compete in world markets. This excess consumption is 
despite a climate which makes minimum demands on 
energy for heating or air conditioning. Without an energy 
policy, the only factor which will encourage effective 
energy management and reduced consumption will be 
high energy cost, the very feature that we do not want. It 
is necessary to limit the cost o f energy, desirable to reduce 
it, and at the same time to use energy providently. These 
objectives cannot be achieved without planning and some 
degree of control.
Sound decision making requires a full understanding 
of the inteaction between the politics and the economics of 
energy supply and demand. Where this is associated with 
conservation by the public, sociological constraining 
factors must also be considered. The energy scene in the 
U K , as in other developed countries, is poorly balanced. 
On the supply side is a small number o f large, powerful 
bodies -  the Generating Boards, British Gas, the Coal 
Board, the major oil companies. This contrasts strongly 
with the fragmented consumer side, which consists 
mainly o f individuals or small companies with only a few 
large transport and industrial concerns, for all o f whom  
energy is only one part o f their livelihood. With such a 
bias in the decision-taking structure, it is easier to produce 
more energy than to ensure its efficient use. It is clearly 
possible for both the big supply industries and the multi­
tude o f small consumers to act in their own self-interests 
in ways which are not consistent and are inimical to the 
economy o f the country as a whole.
The consumer, subject to free market forces, will 
require a short repayment period for any investment he 
makes to save energy. The producer will feel compelled 
to secure maximum financial return for an investment 
committed many years previously. A national energy 
policy, expressed by price adjustments and incentives, 
would create an economic climate for both producers and 
consumers which will hold the competing demands for 
investment in production and conservation in reasonable 
balance and relate both to a long term view of world 
energy developments.
Government and corporate conventional wisdom has, 
in the main, allowed prices to influence policies. But after
the oil price shock of 1973 there began an energy era in 
which policies have as much influence on prices as vice 
versa. This can be understood once it is realised that the 
large economic rents imposed by OPEC on oil have left a 
lot of financial leeway for policies on taxes and new energy 
investments. The degree o f uncertainty in forecasting 
energy futures, for demand or supply, has increased by an 
order o f magnitude. By way o f example, the unexpected 
acceleration o f capital costs in response to shock oil price 
rises caused several casualties in energy investment, such 
as the cancellation o f synthetic fuel projects, despite the 
high prices of oil and gas.
This new uncertainty in energy futures is enough o f a 
problem in itself, but, when coupled to the lengthening 
lead times required by most capital projects, it has also 
disturbed economic thinking. Thus, the traditional view 
that energy investment should err on the side o f surplus, 
because the economic penalties o f surplus are small 
compared to the penalties of shortfall, is often set aside. 
The very cause o f recent recessions, high oil prices leading 
to abnormal inflation rates, has also produced adverse 
side effects, such as a monetary policy of high interest 
rates which penalises capital projects with long lead times. 
However, within the timescale allotted to solve this new  
type o f energy crisis, say 20 years, these setbacks must be 
seen as temporary, and those who make decisions for the 
long term should not be overly influenced by them.
N ext in importance to prices in the economic analysis 
of capital projects is the discount rate. Strict adherence to 
Treasury and business guidelines has made the discount 
rate a very blunt instrument indeed, particularly when it 
is applied to demonstration plants. It is inconsistent for 
governments to give grants for research and then to 
constrain the commercial introduction o f the fruits o f  
such research for the sake of a few points in the discount 
rate. This is particularly true when the value of the 
product, in this case either increased energy production or 
decreased consumption, is expected to rise with time.
For the United Kingdom there is an extra factor in 
energy policies quite unique for a major industrial coimtry 
— the warm prospect o f self-sufficiency in hydrocarbon 
fuel for some centuries. In the short term there are the 
options o f maximizing oil production now or having a 
planned depletion policy. There is, effectively, a de­
pletion policy based on high production-related taxes 
which have led to the postponement or cancellation o f  
some oil field developments. Withdrawal o f government 
sponsorship o f the North Sea gas-gathering project will 
also restrict natural gas production in step with the fall in 
demand.
In the light of all these factors it is the objective o f this 
document to develop a policy for the supply, conversion, 
and usage of energy in the United Kingdom. Complete 
self-sufficiency in energy should not be an objective if this 
is to be at the expense o f economic efficiency. However, 
some protection against future supply shocks is desirable, 
and can be provided by stand-by indigenous production 
and the diversification o f energy sources.
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1 UK energy supply
COAL
Since the industrial revolution the traditional source of 
UK energy has been coal. Even as late as the mid-1950s 
coal supplied 85 per cent o f our primary energy. There­
after, with the advent o f cheap oil and natural gas, output 
fell steadily. In 1982 coal production was 125 million 
tonnes and contributed 35 per cent o f primary energy. 
The potential contribution o f coal to our future energy 
requirements is very great; known resources exceed 
100 X  10  ^ tonnes, o f which 33 x  10  ^ tonnes can be 
recovered using present day practice. Thus more than 250 
years supply at current levels o f consumption is known to 
be available without assuming any improvement in 
extraction rates or discovery o f  further resources.
There are three problems associated with increasing the 
importance o f coal as an energy source. One is to make 
coal-buming more attractive to small industrial and 
domestic consumers by the development o f more flexible 
and automatic appliances, and ultimately its use in fluid 
form. Another is to achieve the required output o f raw 
coal economically. During the late 1970s the NCB set a 
production target o f 170 million toimes per year by the 
year 2000. Due to a levelling off in the demand for energy 
and a contraction in the demand base for coal, this target 
now looks both unnecessary and unrealistic, although it 
has not been officially revised. The importance o f opening 
new, large, more economic mines is thus somewhat 
diminished but nevertheless remains an essential part o f  
any long term plan for revitalising the coal industry. The 
third problem is the growing resistance to the use o f coal 
on environmental grounds. It is responsible for much of 
the accumulation o f CO  ^ in the atmosphere. It is blamed 
for acid rain throughout Europe. Transport o f  large 
volumes o f coal and the disposal o f ash will become 
matters for public concern. The cost o f overcoming or 
minimizing these effects could constrain any desired 
growth in coal production.
Coal can also compensate directly for some falling-off in 
the availability o f natural gas and oil through the further 
development o f conversion processes. Such processes are 
already available but their role in the energy scene would 
be enhanced by improvements in economics and effi­
ciency, greater tolerance in handling a wide range o f coals 
and more flexibility in output mix.
OIL AND GAS
The UK reserves o f oil and gas are much more limited and 
will last for only about 30-50 years at current rates o f 
consiunption. This is a key factor in our energy situation 
which is given added importance because it is not at 
present possible to substitute other fuels for certain vital 
applications such as road and air transport and as a 
chemical feedstock. Unless coal production is increased 
and a large-scale industry for its conversion to oil and gas 
established, the UK cannot be substantially independent 
of the world position. Although world oil reserves are 
extensive, they will become progressively more difficult 
and costly to extract. Furthermore, the developing 
countries can be expected to claim an increasing share of 
the world’s energy supply, in a form which is readily 
portable.
The UK  is now virtually self-sufficient in North Sea oil; 
the depletion policy o f the government is, however, o f
great importance. Essentially there is a choice between 
high early production, with its immediate financial 
benefits, and deliberately delayed production, yielding 
larger supplies later when world oil is becoming increas­
ingly scarce. The expected recovery in the North Sea of up 
to 40 per cent is high by world standards, but there is the 
possibility of improving the technology to increase this. 
Such development would be o f great value to the overall 
energy mix. Ever}' encouragement should be given by the 
government to achieve increased recover}’ and to bring 
smaller and less accessible fields into economic pro­
duction.
While gas supplies from existing contracts will begin to 
decline from the mid-1980s, there is a reasonable prospect 
of further off-shore purchases to offset the decline for 
some time. Ultimately, however, a reduction in off-shore 
gas supplies is inevitable and the gas indiistr}’ must then 
either diminish in size or look to other sources, of which 
the most promising would appear to be the manufacture 
of synthetic natural gas from coal.
NUCLEAR POWER 
In 1982 nuclear power stations produced 5 per cent of the 
U K ’s pimar}' energy. The UK has no significant reserves 
of uranium ore; however, ore-costs at present represent 
less than 10 per cent o f the total cost o f electric power 
from a thermal reactor and it is therefore feasible to 
purchase significant quantities in advance as a cushion 
against variations in world price. World resources are 
considerable and the current world demand of 30 000 
tonnes of UO, per year is well below the current product­
ion capability o f 50 000 toimes per year. Although this 
situation appears secure, at least until the end of the 
century, steps need to be taken now to extend the 
resource base by exploration and to limit long term 
requirements by the planned development of fast 
reactors.
The role for which nuclear energy is best suited is to 
supplement or replace fossil fuels in electricity gener­
ation. It is desirable for the UK  to have an ample 
programme of nuclear plant installation to avoid depend­
ence on increasingly expensive fossil fuels next centuiy. 
The build-up o f such a programme and the transfer of coal 
from power station use to its conversion to oil or gas can­
not be matched exactly. Phasing will require constant 
review of supply and demand for all fuels, careful 
planning and special financial arrangements.
Less than 1 per cent o f the fission energ}' in natural 
uranium is released in thermal reactors. The adoption o f  
the fast reactor would enable some 60 times more energy 
eventually to be obtained from a given quantity o f  
uranium. The present UK store of this material rep­
resents a basic energy source for many years’ operation 
and is o f such magnitude as to be comparible with our coal 
reserves.
The precise timing of the introduction of fast reactors 
will be an economic question decided by the relative 
capital costs o f thermal and fast reactors, and their relative 
fuel cycle costs as determined by the price o f uranium. 
Fast reactors should be contributing to global nuclear 
generation for the first half o f the next centuiy, on the 
assumption that fusion reactors, if  successful, will become 
competitive with them before the end o f this period.
U K  energy supply
‘RENEWABLE’ ENERGY SOURCES 
in 1982 hydro power contributed about 0.5 per cent of 
total energy in the UK. Although there may be a place for 
small, new hydro-electric plants, these cannot augment 
the energy supply significantly.
The engineering problems o f large-scale harnessing of 
wave energy are now being appreciated and the latest 
assessment predicts a unit electricity cost from this source 
to be an order o f magnitude above present levels. Wind­
mills have the least difficult engineering problems o f the 
renewable sources and the design for a 3.7 MW aero- 
generator with 60m diameter rotor has been completed. 
The annual load factor from such a machine would be 
about 30 per cent and some 250 of them would be required 
to save one million tonnes coal equivalent energy in a year. 
Most renewable energy sources are intermittent and 
dispersed, requiring large areas for collection; so they are 
bound to be capital intensive.
Solar panels are already available for water heating and 
solar voltaic cells are in an advanced stage of development. 
Either of these could make a useful contribution to the 
energy mix. The economics are not very favourable at the 
moment but can be expected to improve. The exploit­
ation of solar energy via biomass is under development in 
certain parts of the world. There is a potential reserve in 
the UK although, with high population density, intensive 
land use and cool climate, this is limited.
Tidal power sites are limited to very few major 
estuaries, notably the Severn. The potential energy yield 
is considerable, but the capital investment is very high. 
There are also strong environmental implications.
Municipal and industrial waste with an energ}' content 
12 to 18 million tonnes coal equivalent is produced 
annually in the U K . Incineration with heat recovery is 
now well-proven and economic in large urban areas. Four 
incinerator plants in the UK  have significant heat 
recovery from approximately % million tonnes o f  
municipal waste per year. Development work is already in 
hand to produce waste derived fuel but further work is 
still required on handling, combustion, and disposal o f 
residues.
It is difficult to say how successful the development of 
renewable sources o f energy will be in the next 20 to 30 
years. The best prospeccts in the UK are anticipated for 
wind power and for solar heating o f domestic water, with 
geothermal heat a possible third. In the longer term, 
fusion is so outstanding a prospect that it must be 
pursued to determine its engineering feasibility. There is 
a concensus of opinion that it will be well into the next 
century before the combined contribution of renewable 
sources amounts to 5 per cent o f our energy supply. Their 
development must be encouraged, but so far they can be 
regarded as interesting possibilities, not a main com­
ponent in our fuels policy.
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2 Demand-side energy management
Energy management, ‘the economic, efficient, and ration­
al use o f energy’, is as much a demand-side function as a 
supply-side function.
Now that electricity in the UK is generated at near 
maximum possible efficiency in condensing power 
stations, and while supply prices for fuels are dependent 
upon the OPEC cartel. Middle East wars, and deficit 
financing or intervention in our state prices for coal and 
gas, the remaining control on the cost o f energy is for the 
end user to be more energy efficient. For this, govern­
ment must provide a monitoring and financial frame­
work.
In 1982 the UK had an annual expenditure by final 
energy users of nearly £30 billion, and total estimated 
maxim tun recoverable reserves of coal, oil, and gas are 
probably worth some £2 000 billion (Fig. 1 and Table I).
The UK Department o f Energy’s ‘Delivered Energy 
Projections 1982’ gave forward projections on a ‘high’ and 
‘low’ total dehvered energy by the year 2010 o f 7500 and 
5400 petajoules per annum, respectively, compared with 
a current value o f 5800. The difference in the projected 
values is dependent on the degree of energy efficency 
achieved and is worth £11 billion in a maximum projected 
use worth £39 billion. The UK government is therefore 
faced with a formidable challenge in formulating its policy 
on energ}' use so as to bring consumption near to the lower 
value.
As a countiy we must not disregard the fact that our use 
of energy per GDP is poor compared with that of our 
major industrial competitors. Latest (1982) data from the 
International Energy Agency indicate that the UK used 
in 1980 0.80 Mtoe (million tonnes oil equivalent) energ}' 
per billion US dollars o f GDP. This contrasts with West 
Germany at 0.54 and Japan at 0.58. Only the USA, with 
0.99, has a higher specific energ}' consumption.
The Departments o f Energy and Industry have under­
taken comprehensive preliminary audits on the potential 
for energy savings in the UK  and recorded these in the 
‘Energy Audit Series’ and the ‘Industrial Energ}' Thrift 
Schemes’. They indicate possible savings amounting to 
some 120 Mtce (million tonnes coal equivalent) in a total 
energ}' supply of 320 Mtce or 38 per cent savings, thus 
confirming that the ‘low’ side projection is credible. Areas 
of major potential include waste heat recovery), 6-8  Mtce, 
and waste as fuel (e.g ., incineration with heat recovery),
3-5 Mtce. A recent study has demonstrated a potential for 
combined heat and power with district heating (CHP/ 
DH ) in nine major cities amounting to 14 Mtce. This 
represents about 25 per cent o f the full realisable potential 
in the UK.
Investment criteria for the public sector supply indust­
ries for electricity, coal, and gas and the numerous 
smaller, diversified users o f energy very widely. There 
can be a 5 per cent rate o f return over investment 
periods of up to 25 years for the large supply industries to 
similar rates of return over 15 years for public sector 
users, and well under 10 years for private sector invest­
ment. In basic terms the difference can be a debt charge of 
12-18 per cent for the public sector and 30-40 per cent for 
the private sector. Regional development grants up to 22 
per cent, and grants for coal conversions or selective 
energy conservation demonstration, both 25 per cent, can
help to alleviate this situation, but are often taken as ‘the 
gill on the ginerbread', with a scheme standing or falling 
in its own right without them.
Table 1.1983 value of estimated energ}' reserves in UK 
(maximum recoverable)
Quantity Value (£10 \ Exajoules 
(10''  ^joules.
Coal 33 X 10^  tonne 1300 900
Oil 4.3 X 1 o’ tonne 450 200
Gas 2250 X 10’ m - 250 100
u . . 20000 tonne 1100
2000 2300
What is needed is for government, public sector, and 
private sector to appreciate that the energy resources o f  
the UK  are unique for an industrialised country. We will 
be self-sufficient in oH and gas for a period of, say, 20 years 
before starting to import again. We have very large 
reserves o f coal. This, coupled with our high energy usage 
in relation to GDP, means that we should set aside appro­
priate finance over the next 20 years to improve our 
patterns of energy usage, the prize being the difference 
between the ‘high’ and ‘low’ projections equal to some £11 
billion a year by the year 2010.
HEATING AND HEAT RECOVERY 
There are many areas in which low temperature heat is 
rejected. A big energ}' saving will be made if better 
control over generation and rejection can be achieved.
One area with such potential is in building design and 
-development. Buildings of all types require at least 43 per 
cent of total primary energy in low temperature form. 
Besides the well-known practices o f loft, cavity wall, and 
double glazing insulation, measures to prevent rain 
penetration of external walls and heat losses from edges 
and corners could contribute significantly to a reduction 
in this heat load. In addition, passive heat gains from solar 
thermal storage, proper orientationn of new buildings and 
houses to take full advantage o f winter insolation, and 
heat transfer from kitchen and hot water tanks could well 
be cost-effective. Greater use of more efficient lighting 
systems (fluorescent and sodium vapour) are already 
offering substantial savings in energy usage.
In commercial premises automatic controls of lighting 
levels in relation to both sunlight levels and room 
occupancy appear to oiler some electicity savings but 
await the introduction of an economic system. Already 
practical are thermostatic and timing controls of heat 
loads in building complexes, glass houses, etc, perhaps in 
association with heat recovery of exhaust air streams and 
variable speed fan motors.
Other near-term developments judged promising 
include electric heat pumps, small-scale CHP (combined 
heat and power) packages, heat recovery from hot water 
effluent, and more sophisticated control o f air-condition-
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ing needs. In the longer term, large-scale CHP with 
district heating, as in lead city schemes already recom­
mended, will become more economic with respect to fossil 
fuels and particularly natural gas, when the latter has to be 
supplemented by coal-derive substitutes. Such economies 
are dependent on load characteristics, the optimum being 
a combination of high density domestic and office loads to 
even out the day/night demand variations. Flexibility in 
adjusting the heat/electricity ratio is also important, and, 
here, steam turbines are more attractive than gas turbines 
or diesels, which is fortunate as coal rather than oil can be 
used.
In industry, despite widespread heat recovery meas­
ures, it appears that much could still be done. Recent 
government energy audits in industry have revealed an 
estimated potential for energ}' savings o f 22 Mtce per 
annum, of which 60 per cent would be for waste heat 
recovery and use of waste as a fuel, amounting to 4 per 
cent of current UK energy usage. The technology exists 
for most types o f recovery scheme and is less of a problem  
than financing because o f the high discount rate imposed 
on the extra capital investment. One area where tech­
nology is still under development is industrial heat 
pumps, where a need exists for pumps capable o f up­
grading low quality heat to a much higher temperature 
than is currently available (50'C) in commercial or house­
hold units. Such heat pumps would be suitable for dtying 
processes, which account for 10 per cent o f the total 
energy used in industry. In the direct use o f low temper­
ature heat the past few years have seen considerable 
commercial use of power station reject heat for fish 
farming and vegetable cultivation. Low grade heat can 
also be applied to the biological processing of sewage and 
to accelerate chemical reactions.
M.ANUFACTURING AND MATERIALS 
The potential for energy savings in manufacturing and 
materials processing may be classified under the broad 
headings:
-  better housekeeping practices and material flow  
paths;
-  more recycling of materials;
-  substitution of low energy materials for high energy 
materials wherever economically justifiable.
Under ‘better housekeeping’ some techniques on heat 
management have already been described but may be 
re-emphasised in the industrial context: moving large 
volumes of air at low cost, the recover}’ and upgrading of 
waste heat, the optimisation at current energy prices of  
heat transfer equipment, and elimination o f leakages and 
losses through better insulation.
Many small improvements have surprised plant 
managers by their large aggregate results, especially in 
steel manufacturing. Apart from heat management, better 
housekeeping practices include reduction of friction in 
machines (tribology), prolonging the life cycle of equip­
ment through conscious management of maintenance 
(terotechnology), better corrosion control, and smoother 
flow of materials. In tribology and terotechnology, 
potential savings have been estimated at about 2 per cent 
and 1 per cent respectively, o f the total energy consumed 
by industry. The benefits o f tribology, in the broadest 
sense, include longer operating life and reduction in 
frequency of plant shutdowns and replacement o f parts. 
Better maintenance includes the use of radio isotopes to 
detect wear, metal spraying and ion implantation to
harden surfaces, vastly greater usage of non-destructive 
testing, and high-speed cameras for regular monitoring.
Perhaps the most dramatic result achieved has been the 
wholesale transformation of the steel industry led by 
Japan, where the widespread use of continuous casting 
(better flow path) has been responsible for half of the 
energy saved, while some 20-60 per cent improvement 
in blast furnace efficiencies was obtained over three years 
through better coke making and ore blending. Economic 
incentive was the driving force; in the UK some 22 per 
cent o f the cost o f steel manufacture lies in the energy 
consumed.
In non-ferrous metals, much saving could be achieved 
through re-cycling, since the reduction of ores to metal 
accounts for the major part o f the energy budget. This is 
especially so in aluminium, where many decades of work 
to find a purely chemical process less energy-intensive 
than electrolysis have so far failed on a commercial basis 
(although the Alcoa electrothermal process is an improve­
ment).
Generally, new or process scrap metal is easier to 
re-cycle than used scrap. The latter needs a practicable 
collection and treatment system. One partial success here 
is the recovery and detirming of cans from refuse incin­
erators. The potential for recovering used scrap appears 
largely untouched. An estimate for copper in the UK  
suggests that out of the 15 million tonnes consumed 
between 1920 and 1975 only 100 000 tonnes per year is 
now recovered.
In the case of material derived from fossil fuel, such as 
plastics, an appropriate energy saving response, with 
economic promise, could be its substitution by low energy 
materials, such as the newly developed tensile cement.
The renewables should perhaps be used to a greater 
extent. Natural rubber production, for instance, can now  
be accelerated by ethylene injection of rubber trees to 
accommodate the fluctuation in market demand, and 
recent research on the re-use of rubber, especially in the 
form of used tyres, suggests the possibility of pyrolysis to 
gasoline and tar.
In the cement and paper industries much energy is 
expended in cyclic wetting and dr}'ing. In the long term 
new, wholly dr}' processes should be developed and 
justified economically to replace these methods. (\\"e 
may, of course, find alternatives to paper itself). In the 
meantime, small improvements in existing plants, such as 
greater use of radiant heat for paper dr}ing and more 
efficient cyclones for gas-powder heat exchange in cement 
plants, may be worthwhile. More careful matching of 
equipment capacity with required performance should be 
given higher priority than hitherto. Typical savings here 
are of the order of 15 per cent. The much publicised 
Exxon entry into electronic motor manufacturing is in this 
category; new variable speed electronically controlled 
motors are under development to achieve a constant high 
efficiency at most load levels.
TRANSPORT
Road vehicles use 76 per cent of the energy expended on 
transport in the UK , and they are almost entirely oil 
based, consuming 37 per cent o f refiner}' output. Work on 
reducing specific fuel consumption, triggered by fuel 
price increases in the last decade, is well under way. This 
should result in about 20-30 per cent reduction in a 10 
year generation o f vehicles. Immediate benefits arise from 
weight reduction in passenger cars, changing from rear to 
front wheel drive, engine mixture preparation and
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combustion improvements and some attention to aero­
dynamics.
Future trends, based on research in hand, are likely to 
be more use of lightweight materials, greater share of the 
passenger car market for diesels, lean-burn high- 
compression petrol engines (and possibly some stratified- 
charge designs), and turbocharged engines at the top end 
of the range. Greater application of microprocessors in 
engine management systems will ensure that engines 
operate at the most economic conditions for each output 
power required. Eventually, this should apply to the 
drivetrain, and the more efficient mechanical automatic 
transmissions under development offer the means of 
linking this to best effect.
Further, more dramatic, changes may depend upon the 
economic incentive of even higher oil prices compared 
with other costs, resulting in the use o f hydrogen fuel and 
in the faster development o f electric vehicles and of the 
advanced battery types which would overcome the 
problems o f short range and long recharging times. 
Hybrid plants, already successfully demonstrated on a 
pilot scale for buses, are likely to prove too complex for 
wide acceptance in private cars.
Traffic density within towns may remain sensibly 
constant because of the effects o f congestion and parking 
problems and, in the longer term, the more widespread 
use of electronic communication. Consideration must be 
given, however, to the population migration to rural 
areas, recently about 3 per cent per decade, which is 
resulting in increased annual distance per vehicle and less 
opportunity to use public transport.
In air travel the strong upward trend in traffic is easing, 
but, in the long term, is expected to rise at a rate 
greater than GDP. Efforts to reduce specific fuel
consumption now include increased structural efficiency 
(higher payload/empty mass ratio), improvements in aero­
dynamics (supercritical wings), new control techniques 
and engines of higher bypass ratios and turbine entry 
temperatures. After 1990 more advanced alloys and 
composites should be available and after 2000 a possible 
move towards hydrogen fuies. In the interim some gains 
could result from improved route planning and 
scheduling.
In shipping slower speeds were introduced as an 
immediate response to fuel price rises; container vessels 
were thus able to accept less powerful but more efficient 
diesels in place of steam turbines. Other current and 
potential measures are wider use of improved bow 
designs, ducted screws, reaction fins, and anti-fouling 
and self-polishing coatings. Less obvious solutions 
include wind assistance (reported to save about 10 per 
cent in Japanese experiments). Ocean traffic has increased 
in the last decade and, based on history, is expected to 
continue to rise faster than GDP.
The railway system offers one opportunity for travel 
independent of oil and its future lies mainly in its 
electrification programme. Major improvements are 
already in progress for improved efficiency of intercity 
and suburban services, the latter depending upon lighter 
structures and improved electric motor control systems. 
Any means of reducing the cost o f rail freight and 
passenger transport is potentially an energy saving device 
since traffic may then be diverted from roads. This 
improves the efficiency o f the remaining road traffic 
through removal o f congestion and carries the load by rail 
at improved figures of fuel used per passenger or tonne 
kilometre.
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3 Matching of energy supply and demand
Following the review o f the current problems of energy 
production and consumption, and then the potential for 
energy conservation, we are left with trends in both 
supply and demand which may not be consistent 
with each other or with continued improvement in the 
economy. This chapter is concerned with the criteria to be 
adopted and actions to be taken in matching supply with 
demand, not only in quantity of energy, but also in the 
form in which it is available for use.
Investment decisions in the energy field have generally 
been directed toward four objectives of changing priority. 
These objectives are continuity of supply, minimization 
o f cost, protection o f the environment and spreading of 
risk. They are not always achievable without com­
promise, because o f limited availability of funds. Before 
1973, minimization o f cost and protection of the environ­
ment had priority. After 1973, in the aftermath of the oil 
price rise and fears o f politically induced cuts in 
production, continuity o f supply and spreading of risk 
became the most important in government and industr}' 
thinking. However, it must be expected through 
experience that one might get better at preventing shocks 
and dealing with their consequences, through measures 
such as proper stock policies and political realignment. 
Evidence for these measures is at hand and it is therefore, 
probable that minimization of cost may again become the 
dominant objective, with spreading risk as a secondary 
one.
Given these objectives, certain future supply patterns 
will emerge with a reasonable measure of self-consistency. 
Thus, some coal imports, increasingly steadily until coal 
becomes a price leader, are obviously desirable to help 
minimize the costs. Coal imports may not at present be 
permissible for government-owned utilities and steel 
producers, but should be no barrier to other industrial 
users. Further nuclear penetration in the generation of 
electricity is consistent with minimization of cost and 
spreading of risk. Similar objectives will demand the oil 
use be shifted to the premium markets o f transport and 
feed stocks, the latter being a special case where wet gases 
from the North Sea oil fields are likely to play a major role.
Gas consumption is now governed by price-induced 
conservation so that growth of demand has been reduced 
to a pace more in keeping with that of a mature market. 
This has caused the electricity/gas price ratio to drop 
towards the pre-1973 level and thereby allows electricity 
to compete on its former basis. Coal-fired district heating 
and combined heat and power generation should now be 
competitive with gas earlier than was projected in the 
Marshall Report.
Present government ‘ground rules’, tantamount to an 
energy policy, are
-  gas prices are to become a substantial fraction of the 
world oil price, per unit o f energy, despite the small 
production costs;
-  crude oil prices should match OPEC African levels;
-  coal prices may reflect miners’ strengths due to 
producers’ current share of the market;
-  petroleum product taxes will encourage a shift away 
from oil;
-  electricity prices should reflect rising fossil fuel 
costs and self-financing of forward investments.
As and when these policies are modified the pattern of 
supply will alter. For instance, if  the real price of gas were 
to rise further, the time could come when coal gas­
ification, partly using imported coal, would be a viable 
option. A controlled depletion policy for oil would mean 
that substitutes would be required earlier, but the pace of 
introduction could be more leisurely. If coal import 
quotas are steadily relaxed, industrial demand will be 
boosted. If excise duties on diesel oil became somewhat 
less than for petrol, as in some EEC countries, then there 
should be more efficient fuel use in private transport. If 
electricity prices continue to reflect full forward invest­
ment costs, then growth in electricity demand will fall and 
coal consumption likewise.
These issues are likely to dominate the UK energy 
scene for the next 20 years rather than gross effects such as 
resource exhaustion. However, early in the next century, 
domestic reserves o f oil and gas are bound to decline and 
additional policies, such as the fiscal encouragement of 
electric vehicles, would almost certainly be needed. Even 
economic coal reser\’es could be under pressure, acceler­
ating the shift to nuclear fuel and coal imports.
Decreasing natural gas production is likely to be offset, 
partly by switching to electricity and partly by coal 
gasification and LNG and liquefied SNG imports. If 
imported LNG incurs a higher landed cost than switching 
to electricity, it would appear desirable that the distri­
bution cost be subsidised since it is inconceivable that the 
pipeline network, representing an important element of  
the risk spreading objective, could be allowed to fall into 
disuse. With uranium the supply to the UK is, and will 
be, ver\' much dependent on world market conditions, for 
which any big price increase can only be countered by 
technological change, namely switching from thermal to 
fast breeder reactors.
Uncertainties in future supply methods can be reduced 
through selective government and industiy funding for 
research, development and demonstration and by encour­
agement of proven energy-saving schemes. However, 
the course o f events to be influenced by such 
funding, other than for proven energ\'-sa\ûng schemes, 
cannot always be secured. Since research and develop­
ment are essentially ‘seeding’ operations, no amount of 
support could bring forward the desired chemical appli­
cation if a new system is not yet viable. Most o f the renew­
able energy sources aie in this categoiy: the timing of their 
commercial introduction depends on cost savings in 
displacing coal-burn in electricity generation, and could 
be delayed further if quantities o f coal were to be obtained 
from cheaper pits. Similarly, in competition with thermal 
reactors, the viability of a breeder reactor with a capital 
cost higher than that of a thermal reactor would depend 
on the current and projected cost o f uranium.
It is fundamental that the oil price rises of 1973 and 
1979/80 have begun a new energy era. With oil now priced 
at an arbitary level within the economic bandwidths of 
near substitutes, it is clear th^t future supply patterns 
will see greater production o f these substitutes, including 
very heavy oil, liquefied natural gas and reconversion to 
coal burning (in applications such as cement plant). These 
are relatively straight forward changes in response to the 
1973 shock. More capital intensive solutions (substituting 
capital for energy) will include the exploitation o f shale
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oil, enhanced recovery of oil, nuclear power, gasification 
and liquefaction of coal, CHP, and heat pumps, which are 
all becoming competitive.
Analyses since 1973 have revealed at least four distinct 
mechanisms that govern market behaviour in regard to 
the substitution of one energ}’ form for another. These 
may be identified as the dynamics of resource depletion, 
market share, prices, and costs.
In ‘depletion dynamics’ it is first observed that the 
unconstrained production profile o f an exhaustible 
resource is typically Gaussian in shape. Unconstrained 
demand, however, has an exponential profile. Thus pro­
duction wil be unable to satisfy demand not at the peak of 
production but earlier, when the rate of growth of 
production begins to fall. This occurs at about half the 
peak and is clearly the latest moment for the introduction 
of substitutes unless demand is abnormally constrained. 
For conventional crude oil there is ample evidence that 
the critical point was reached in the mid 1970s and may 
have contributed to the increase in price, the reason being 
usually given as ‘oil is being exhausted at too high a rate’.
In ‘market share dynamics’ the study of several cases 
has shown that once a new supply sector technology 
captures more than 10 per cent o f the market its share will 
accelerate at the expense of competing sectors until some 
indeterminate limit, say half of the total market, when it 
could begin to decline. In this way, oil displaced coal in 
the 1950s. Reasons for the phenomenon come from the 
maturity, and hence reliability, o f the technology, which 
enable the economies of scale to apply and investment 
finance to be obtained more cheaply, so increasing profits 
and securing the future o f the technology’.
It is worthy of note that nuclear power now accounts 
for 5 per cent of total primary energy consumed in the 
U K , and is not expected to reach 10 per cent until the mid 
1990s.
‘Price dynamics’ attempt to show, through technical 
mechanisms, as distinct from fundamental factors such as 
resource exhaustion, how it was possible for oil producers 
to raise prices so sharply in 1973/74 and 1979/80, and how 
these mechanisms could be employed again for resources 
other than oil. The cartel-like actions of OPEC in these 
two periods were only possible because of coincident 
dominant features such as (a) their sustained loss o f real 
earnings and dollar reserves due to US inflation and 
exchange losses, and (b) a temporary’ surge in demand due 
to a rush to stockpile, resulting in spot prices much higher 
than contract prices. While the existence of OPEC is a 
factor, a formalised cartel is probably not necessary for 
pricing intentions to be known rapidly, providing pro­
ducers are few in number.
‘Cost dynamics’ are the newest o f the four mechanisms 
and attempt to explain the rather unexpected way in 
which capital costs can escalate out of all proportion to 
general inflation in a period of sharp rises in energy costs. 
As soon as the price of oil rises to make synthetic oil 
economic, the plant costs escalate to make it uncompet­
itive again. This occurred after both the oil price increases 
and is now partly responsible for the cancellation of sev­
eral synfuel projects. These cost escalations are variously 
ascribed to the energy cost components of the plants, to 
increases in labour and management costs higher than 
inflation rate, and to high interest rates. However, some 
programmes w ith sufficient momentum and economies of 
scale, such as the French nuclear programme or the 
conversion of cement plants to coal-firing in Japan, 
appear to have escaped such cost escalations.
These four dyanamic mechanisms taken together will 
influence the balance of supply and demand across a 
matrix of supply sectors (oil, gas, coal, nuclear, and 
renewables) and consumption sectors (domestic, indust­
rial, commercial, and transport). These mechanisms are 
complex and increase the difficulty of making forward 
predictions, but the outcome should be more credible 
than traditional linear or exponential extrapolation. The 
projection of UK primary energy consumption given in 
Table 2 is a result o f the application of the mechanisms 
just described. Credibility of this scenerio may be judged 
by the projected per capita consumptions presented in 
Table 3.
Table 2. Projected UK primary energy consumption 
(1 exajoule = 10*® joule)
Exajoule/year
/980 7990 2000 2010 2020 2030
Oil (1) 3.9 4.1 3.9 3.3 2.7 2.2
Gas (2) 1.9 2.0 1.9 1.4 0.85 0.5
Coal (3) 3.1 3.6 4.5 5.2 5.4 4.9
Nuclear (4) 0J 6 0.75 1.6 2.6 3.0 3.5
Renewables (-) 0.04 0.05 0.15 0.3 0.45 0.65
Total (rounded) 9.3 10.5 12.05 12.8 12.4 11.75
Percentages
Oil 41.9 39.2 32.7 25.8 21.8 19.0
Gas 20.3 19.4 15.8 11.1 6.8 4.3
Coal 33.4 34.1 37.3 40.7 43.2 42.1
Nuclear 3.9 6.9 13.1 20.0 23.8 29.9
Renewables 0.5 0.4 1.2 2.4 3.6 5.7
100 100 100 100 100 100
Net imports (6)
EJ 0.5 1.2 3.6 4.9 4.6 3.2
%ofPrimar\' 5.6 11.4 30.2 38.3 36.9 27.8
Energy Consumption
(I)
(2 )
(3)
(4)
(5)
(6)
Inclu d es n on -en ergy  use and transfer to b u n k ers. R ed uced  by  
0 .2 7  EJ (by 2 0 3 0 ' if  h a lf o f  aviation  requ irem en t m et by hydrogen  
(p rod u ced  from  n uclear heat).
E xclud es S N G .
In c lu d es coal for liq u efaction  and gasifica tion .
In c lu d es nuclear heat for coal liq u efica tion  and gasifica tion , 
refinery and oil f ie ld s  nuclear heat.
From  fuel eq u iva len t o f  electr ic ity  gen erated .
In c lu d es p ip e lin e  gas and uranium  for therm al reactors.
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Table 3. Projected UK per capita energy statistics
1980 1990 2000 2010 2020 2030
Population (millions) 
GDP/capita (£ 1980) 
Index
55.9
3990
100
57.6
4810
121
59.4
5800
146
60.6
6800
171
61.8
7960
200
63.0
8970
225
Primary energ}'
GJ/person 165 181 202 214 203 189
tce/person 6.3 6.9 7.6 8.1 7.7 7.2
Index 100 109 122 130 123 115
Delivered energ}'
GJ/person 118 123 137 139 132 121
Index 100 104 116 118 111 102
Electricit}’
Generated
(MWh/person) 4.5 5.9 8.0 10.0 11.3 12.0
Index 100 130 176 221 248 263
Capacity (kW/person) 1.23 1.40 1.69 2.04 2.17 2.23
Index 100 114 137 166 176 181
It is assumed that price-controlled demand wil still 
largely dictate supply patterns, as before 1973, but with 
the important difference that a large part of the price 
structure will be set up, and perhaps altered from time to 
time, by Governments. Detailed projections altered from 
time to time, by Governments. Detailed projections 
arising from such an exercise for individual supply sectors 
follow.
OIL
A near constant demand to the end of the centurx’, 
followed by a steady decline, is now the most probable 
demand profile. This may conceal many internal changes, 
such as decreasing demand for heating oil offset by 
increasing demand for private transport. In power gener­
ation new oil capacities have recently been commissioned 
but could still be economic for peaking and load-following 
generation. Electric road vehicles and hydrogen powered 
long range aircraft are the most likely ways to reduce oil 
demand after 2000. In supply terms indigenous coal lique­
fication, even o f the allothermal kind using nuclear heat, 
cannot possibly compete with imported coal-liquids 
produced in cheap coal countries like Australia, and only a 
small insurance programme o f plants appears justified. 
Scottish shale oil is unlikely to be economic since most o f 
the high grade shales have been exhausted. Possibly the 
best prospect for prolonging supply after the decline of 
North Sea conventional oil production (including 
enhanced recoveries) is the discovers' of oil under the deep 
ocean floor, where the tenfold increase in water depth will 
require sub-sea production systems. Imports o f conven­
tional and heavy crude will remain a practical option well 
into the next century, though in declining quantities.
GAS
Demand for natural gas will soon saturate because of 
price-induced conservation measures (of which a pro­
mising technology is the heat pump) and limitations 
imposed by density o f consumers. This will remove the 
need for rapid off-shore development, so that a relatively 
strain-free depletion policy is likely.
N ew  Norwegian supplies will not in future be so easy 
to obtain due to competition from Europe: LNG imports 
will be costly in energy as well as money and will probably 
serve peaking loads only. However, SNG production 
using indigenous as well as imported coal should be 
competitive with LNG imports and could well form, at 
the turn o f the century, the second largest source of 
supply after indigenous natural gas. In second generation 
plants SNG could be more economically produced using 
nuclear heat with coal only as feedstock. If this promise is 
fulfilled, SNG could form the bulk of supply by 2030. 
Otherwise, the gap caused by the decline o f indigenous 
off-shore gas would have to be filled, expensively, by 
LNG imports.
COAL
Coal has, since 1973, regained its former competitive edge 
vis-a-vis oil, but in the meantime, the demand for cleaner 
secondary fuel has moved to a level beyond consideration 
of costs alone. The direct use o f coal in large quantities in 
industry, offices, and houses will require highly efficient 
gas cleaning or scrubbing, or will have to await the 
commercialisation o f processes such as fluidized bed 
boilers which can transform coal into cleaner, usable 
energy. This is an example o f the importance of techno­
logical change in determining the supply demand bal­
ance. Thus, to a large extent, this technological change 
reflects an environmental cost, albeit one which in the 
short to medium term admits to economically acceptable 
solutions. However, in the long term, some way into the 
next century, control o f sulphur and nitrogen oxide and 
carbon dioxide emissions may be necessary to minimize 
environmental and climatic distortions. In this regard 
there does not appear to be any viable technological ‘fix’ 
and the growth in coal usage will, in all probability, have 
to be considerably curtailed.
On more specific issues, there is a possibility that 
through district heating and CHP schemes, coal usage 
in the home and office heating and the industrial sector 
may be revived. In industry, excluding coking coal for 
steel, use in boilers as substitute for oü and gas appears 
inevitable, though the rate of increase is bound to depend 
strongly on the stability of the mining industry and 
whether foreign coal is freely admitted. Coal burn for 
power generation will, on the basis of risk spreading, 
remain substantial even with nuclear competition, and 
may eventually account for some 35-40 per cent of 
electricity’s primary fuel.
NUCLEAR
Given a continuing cost advantage over coal, nuclear 
energy, either as electricity or heat producer, should take 
an increasing share of the primary energ}' market: 13 per 
cent by 2000 and 30 per cent by 2030.
In responding to demand the main advantage of nuclear 
energy is that its supply is more akin to a manufacturing 
operation than is the extraction character of the other 
sectors. This means that, given the political will, as in 
France recently, the rate of growth can be rapid (over 30 
per cent/'year) and can therefore better match demand 
under shock conditions.
W'ith the modest objective to diversify from excessive 
dependence on coal, a programme of one thermal reactor
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Station a year is envisaged until sum mer nuclear capacity 
exceeds m inim um  sum m er dem and, about 2010.
Breeder reactor development is now to be undertaken 
jointly with the other countries of Europe, with one 
demonstration plant in the UK before 2000. Fully 
commercial plants will be operational by 2010 and, with 
anticipated rises in uranium prices about then, reactor 
ordering should switch from thermal to breeders by 2020.
High temperature reactors for coal gasification may 
have to be developed under licence before 2000 when 
natural gas production declines and the import o f LNG  
on a large scale is resumed. Initially, coal gasification uses 
the autothermal process where 40 per cent o f the coal is 
used to heat the reactions, but even as early as 1995 the 
economics o f nuclear heat will show an advantage and 
development will only be constrained by the lack of a 
continuing HTR programme. Coal liquefaction repre­
sents a much smaller programme (due to cheaper coal- 
liquid imports). Only two HTRs are envisaged for 2030.
RENEWABLE ENERGY SOURCES 
With the exception of hydro power, most renewables are 
classified as negative demand in that their proper econo­
mic role is seen to be the displacement of fossil fuel. This
is a significant change from the earlier role o f generation 
plus storage to give base load operation. The prime reason 
for the change is that the elimination o f storage greatly 
reduces the cost o f  renewable energy, although the energy 
available may not always be utilised. While the ratio of 
fossil capacity to renewable capacity is large, it is unlikely 
that any renewable energy will be lost because o f lack of 
fossil displacement capacity. It should be noted that it is 
fossil fuel consumption, not capacity, that is being 
replaced.
Since unit generation costs o f renewables are almost 
entirely made up o f capital depreciation, a utility would 
want to have much greater assurance of the plant’s useful 
life span. If, for example, a wind generator collapses after 
only serving half its stated life, the unit generation costs 
would be doubled. The implication o f such uncertainty is 
that either development will be very slow, to accumulate 
experience, or that high insurance premiums must be 
paid.
Given the above factors, and especially the economics 
of displacing coal generated electricity, renewables will 
only have a big impact when coal prices rise substantially, 
probably after 2000.
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4 Conclusions
(a) An energy policy is required lo secure a reasonable 
balance o f investment between energy production 
and efficient energy consumption to support contin­
ued growth in the economy. The UK is currently 
profligate o f energy, not only in the total amount 
consumed, but also in the cost which many con­
sumers are required to bear.
(b) Because energ}' is becoming more expensive and 
there is expected to be a shortage o f premium fuels, 
the first need o f an energ}* policy is to ensure 
security o f supply. The most significant resource 
problem during the next half-century will be the 
material depletion of oil and gas reserves, first in the 
UK and then worldwide. This will call for the 
development of substitutes for these fuels or the 
conversion o f energ}' consumers to use alternative 
fuels. Such developments will require an impartial 
study of future needs and o f the cost benefit o f alter­
native investments.
(C) Secondly, it is desirable that the energy demands of
the UK be met at an acceptable price. In some 
industries the cost o f energ}* is a dominant factor, 
but in most of them energ}* does not represent a 
sufficient fraction of costs to warrant serious com­
plaint. Established practices, safety requirements, 
social obligations, and even political obligations can 
add materially to the price charged to the consumer. 
These costs might be held in check if producers are 
made accountable for their major decisions to a 
government-appointed technical body.
(d) Thirdly, the effect o f energ}* consumption on the 
environment is now gaining in importance. The 
operation of energ}' related processes and the dis­
posal o f their wastes are attracting attention which 
will have to be taken fully into account in future 
energy plans.
(e) Coal is the U K ’s most abundant energy resource and 
every effort should be made to convert to its use in 
an efficient and environmentally acceptable man­
ner. Oil and gas are already too valuable to be used 
in anything but high added-value industrial pro­
cesses, transport, and the localized heating sector 
(preferably at true market cost). Nuclear power 
should be pursued in the knowledge that it will 
provide a cheaper and environmentally preferable 
source o f electricity. Renewable energy sources, o f 
which wind and tidal power seem the most promis­
ing in the U K , could all contribute in favourable 
situations. Their development should also be pur­
sued.
(f) For the efficient exploitation of energy fromm these 
sources, many economic and proven devices are 
already available. These include insulation, low
energy lighting, optimising controls, improved 
firing systems and combustion engines, combined 
heat and power, combined cycle plant, waste incin­
eration, and process heat recovery. Developments 
in heat pumps, fluidised bed combustion, and low 
energy materials should all provide an economic 
return within a few years.
(g) The commercial effects o f many technical decisions 
being made in the energy field will only be felt in the 
long term, beyond the timescale in which market 
forces operate. This places a heav}' responsibility on 
the few large and influential energy producers who 
can be expected to promote growth in their own 
energy sector and to foster only lines o f development 
that they themselves have conceived. It will not be 
easy to carr}' out an objective cost benefit calculation 
on schemes they put forward.
(h) The economic success o f the UK now depends 
increasingly on the efficient production and use of 
energy. Accordingly, the Government, while seek­
ing the advice o f specialist organizations working in 
the field, will wish to know that proposals they make 
will lead to a proper balance between:
-  creation o f real wealth;
-  wise allocation of existing resources;
-  international competitiveness;
-  safety and environmental protection.
(i) For this reason it is strongly recommended that a 
Royal Commission be appointed, with members 
experienced and competent in all energy fields but 
itidependetit o f the main vested interests, to oversee the 
policy of energy in fuel producing organizations 
and, to a lesser extent, consumers.
(j) The terms of reference o f such a Commission should
be:
-  to set objectives for reinvestment in all energy 
sectors of the profits from sales o f energy and of 
any government subventions;
-  to determine financial and fiscal incentives 
which will encourage a move toward lower UK  
energy consumption in relation to industrial 
output;
-  to advise Government on legislation for energy 
efficiency in new buildings, energy manage­
ment in business concerns, and the disposal o f 
waste which can be burnt or recycled.
(k) The Commission should have a full-time staff 
sufficiently qualified to examine and interpret any 
proposals put in front o f it. It should also be 
empowered to call for technical studies where 
necessary to frame the policies to be pursued.
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SUMMARY
Small, d i e s e l  en g in es  are in  common u se fo r  e l e c t r i c a l  power 
g e n e r a tio n  in  many remote a r e a s . These en g in es  may be r e a d ily  
con verted  to burn a l t e r n a t iv e  f u e ls  such as a lc o h o ls  which may be 
produced l o c a l ly  from in d igen ou s raw m a te r ia ls .  The h ig h ly  
tu r b u len t com bustion chambers in  th e se  rugged en g in e s  are id e a l ly  
s u ite d  to  burning le a n , sp a r k - ig n ite d  m ixtu res th ereb y  im proving  
economy w h ils t  reducing exhaust e m is s io n s . T his paper d e s c r ib e s  the  
c o n v ersio n  o f a 7 .5  kW d iv id ed  chamber en g in e  to  spark ig n i t io n  and 
i t s  com bustion perform ance w ith  lea n  m ethanol m ix tu r e s . The 
in f lu e n c e  o f e q u iv a len ce  r a t io  on burning r a te s  and s t a b le  o p e r a tio n  
in  the lea n  burning regim e i s  compared fo r  MlOO and is o -o c ta n e  u s in g  
a computer com bustion model to  a n a ly se  e x p e r im e n ta lly  acq u ired  
p ressu re  d a ta . The r e s u lt s  in d ic a te  th a t th e se  en g in es  may be run 
s u c c e s s f u l ly  on MlOO w ith  s ta b le  o p era tio n  extended  fu r th e r  in to  th e  
le a n  burning regim e through reduced d e lay  p er io d s  and h ig h er  burning  
r a t e s .
1 INTRODUCTION
The most w id e ly  used sm all e n g in e s , o f l e s s  than 10 kW, in  Third  
World C ou ntries are th o se  d eve lop ed , and o f te n  b u i l t ,  in  
in d u s t r ia l i s e d  c o u n tr ie s . They are u s u a lly  s in g le  or tw in c y lin d e r ,  
s p a r k - ig n it io n  (two or fo u r -s tr o k e )  or com p ression  i g n i t io n  ( fo u r -  
s tr o k e )  ty p e s . Such en g in es are on ly  equipped to  prepare and burn 
the t r a d it io n a l  r e fin e d  hydrocarbon fu e ls  -  motor g a s o lin e  and gas  
o i l  r e s p e c t iv e ly .  C erta in  sm all s p a r k - ig n it io n  e n g in es  are  
a v a i la b le  a d d it io n a l ly  in  forms a b le  to  use Ipg and, w ith  low  
com p ression  r a t io ,  k ero sin e  where t h is  i s  w id e ly  d is t r ib u t e d  fo r  
o th er  purposes such as cook in g . A ll  th e se  f u e ls  a r e , o f ,c o u r se , 
l in k e d  to  the World o i l  m arket. For the many d e v e lo p in g  c o u n tr ie s  
dependent upon im ported petroleum , th e ir  use in v o lv e s  th e  problem s 
o f  f lu c tu a t in g  p r ic e s  o f crude o i l  and p ro d u cts , and the g e n e r a lly  
d e c lin in g  va lu e  o f most lo c a l  c u r r en c ie s  a g a in s t  the d o l la r .
1 .1  A lt e r n a t iv e  f u e l- e n g ln e  com binations
The t r a d it io n a l  ty p es  o f s p a r k - ig n it io n  en g in e s  used fo r  s ta t io n a r y  
a p p lic a t io n s  and fo r  sm a ll a g r ic u l t u r a l  tra n sp o r t are  o f te n  o f  low  
com p ression  r a t io  because the hydrocarbons a v a i la b le  l o c a l l y  have a 
low r e se a r c h  o c ta n e  number (RON). C on sequ en tly  th ey  have low  
therm al e f f i c i e n c y .  The b a s ic  en g in es  cou ld  be co n v erted  to  run on 
f u e ls  l o c a l l y  produced from b iom ass, e .g .  a lc o h o ls  and m ethane. In  
order to  d e r iv e  maximum b e n e f it  from th e  b e t t e r  a n ti-k n o c k  
p r o p e r t ie s  o f m ethanol, e th a n o l or m ethane, RON = 114 , 111 and 105 
r e s p e c t iv e ly  ( 1 ) ,  i t  i s  n e c e ssa r y  to  in c r e a s e  th e  com p ression  
• r a t i o .  Many e n g in e s  in  cu rren t use have l im ite d  b e a r in g  a rea s  and 
employ p r im it iv e  b earin g  typ es and lu b r ic a t io n  system s to  s im p l if y  
p ro d u ctio n  and reduce f i r s t  c o s t .  In th e se  c a s e s  th ey  are  n ot  
s u i t a b le  fo r  in c r e a se d  com bustion p r e s s u r e s . In  a p er io d  o f  
e s ta b lish m e n t .o f  the f a c i l i t i e s  to  produce and d i s t r i b u t e  a lc o h o l ,
m ethanol may be used as a g a s o lin e  ex ten d er  (MIO, fo r  exam ple, b e in g
90% mogas, 10% m ethanol) y ie ld in g  RON v a lu e s  g r e a te r  than th o se  o f  
th e  g a s o lin e  i t s e l f  ( 2 ) .
E x is t in g  d i e s e l  en g in e s  on the o th er  hand, are  d e s ig n ed  fo r  h ig h  
com p ression  r a t io s  o f  the order 20 , so are  more ru gged . T h eir  
c on tin u ed  use in  th e  s i t u a t io n s  under c o n s id e r a t io n  depends upon the  
und im in ished  a v a i l a b i l i t y  o f c o n v e n tio n a l hydrocarbon f u e l s  o f  
c e ta n e  number (CN) o f  40 to  50 .
The consum ption o f  th e se  ( u e ls  can be reduced by th e  a d o p tio n  o f  
du al f u e l  e n g in e s  u s in g  a weak methane a ir  m ix tu re  and p i l o t  o i l
i n j e c t io n  to  i n i t i a t e  com bustion . The c o m p lex ity  o f  t h i s  sy stem  i s  
o n ly  j u s t i f i e d  fo r  r e la t iv e l y  la r g e  e n g in es  used where th e  g a seo u s  
f u e l  i s  cheap and w id e ly  a v a i la b le .  S y n th e t ic  l iq u id  f u e l s  from  
c o a l  can be produced a t e f f i c i e n c i e s  up to  56% ( 3 )  b u t , a f t e r
trea tm en t to  g iv e  a s u i t a b le  CN, th e se  e f f i c i e n c i e s  f a l l  to  30 to
50% a cco rd in g  to  the type o f p r o cess  ( 4 ) .  M ethanol has th e  o p p o s ite  
p r o p e r t ie s  to  th o se  re q u ire d , having CN = 3 ( 1 ) .  A d d it io n a l
problem s are  a n t ic ip a t e d  through in c r e a se d  demand fo r  m idd le  
d i s t i l l a t e  ou tp u t from r e f in e r ie s  throughout th e  w o r ld . In  v iew  o f  
th e se  p o in ts  th e  sm a ll d i e s e l  en g in e  does n ot o f f e r  th e  b e s t
p ro sp ec t i f  independence from market p r e ssu re s  i s  r e q u ir e d .
1 .2  Combustion system s
I t  can be conclu ded  from 1 .1  th a t the en g in e  typ e  w ith  th e  b r o a d e st  
range o f  p o s s ib le  f u e l  o p tio n s  fo r  the a p p l ic a t io n  o u t l in e d  i s  th e  
s p a r k - ig n it e d ,  fo u r -s tr o k e  e n g in e . T h is le a d s  to  c o n s id e r a t io n  o f  
the e x a c t  com bustion  system  to  meet the purpose b e s t .
Two com bustion  system s are w id e ly  advocated  fo r  fu tu r e  sp a r k -  
i g n i t io n  e n g in e s .  The f i r s t  o f th e s e ,  h av in g  been rese a r c h e d  in
v a r io u s  p a r ts  o f  the world fo r  some y e a r s  u se s  a s t r a t i f i e d
ch a rg e . I n v o lv in g , as i t  d o es , e i t h e r  a f u e l  i n j e c t io n  system  or  
p a r a l l e l  stream s o f carb u ra tion  for  r ic h  and le a n  m ix tu r e s , t h i s  i s  
regarded by th e  au th ors as too com p lica ted  fo r  t h i s  a p p l i c a t io n .  
C on tro l in c o r p o r a te s  m ixture hom ogeneity v a r ia t io n  th ereb y  adding  
fu r th e r  c o s t .
The second approach i s  the h igh  com p ression  r a t i o ,  le a n  burn 
e n g in e . T h is has the advantage o f  h igh  therm al e f f i c i e n c y  and the  
u se  o f m ethanol enhances the o p e r a tin g  range and com bustion q u a l i ty  
when compared w ith  mogas. T h is d e r iv e s  from i t s  h ig h er  RON and i t s  
a b i l i t y  to  extend  the lea n  m ixture l i m i t .  T h is type o f  com bustion  
system  r e q u ir e s  a tu r b u len t chamber fo r  c o n s is t e n t  r e s u l t s .  T h is  
can be a ch iev ed  e i t h e r  by a pre-cham ber or by compact open 
chamber. The au th ors are  working w ith  both ty p e s ,  u s in g  fo r  t h i s  
purpose s in g le  c y l in d e r , fo u r -s tr o k e  en g in e s  con verted  from d i e s e l  
o p e r a tio n  by the a d d it io n  o f  c a rb u ra tio n  and i g n i t io n  equipm ent.
Only the pre-cham ber type i s  d e sc r ib e d  here as t h is  i s  the typ e  most 
r e a d ily  provided  by minimum a l t e r a t io n  o f  e x i s t in g  rugged d i e s e l  
en g in e  s tr u c tu r e s  and mechanisms in  w idespread  u s e . A lthough a 
programmable e le c t r o n ic  i g n i t io n  system  i s  u sed , to g e th e r  w ith  an 
a d ju s ta b le  c o n sta n t vacuum c a r b u r e tto r , fo r  e x p er im en ta l p u rp o ses , 
s im p ler  system s would s u f f i c e  in  a p ro d u ctio n  c o n v e r s io n  k i t .
2 .0  ENGINE MODIFICATION
The s in g le  c y lin d e r  7 .5  kW Farymann d i e s e l  en g in e  used in  th e se  
t e s t s  had been con verted  p r e v io u s ly  to  a v a r ia b le  com p ression  en g in e  
by the i n s t a l l a t i o n  o f a c o n tr a -p is to n  to  vary th e  volume o f  the  
16 mm ra d iu s s p h e r ic a l  pre-cham ber as shown in  F ig  1 . C om pression  
r a t io s  ranged from 12 to  2 2 :1 . A s t e e l  p la te  and an n ealed  copper  
g a sk e ts  were in s e r te d  betw een the c y lin d e r  head and th e  b lo c k  to  
reduce th e  com p ression  r a t io  range- to  8 .6  to  1 2 :1 . The e n g in e  was 
con verted  to  spark ig n i t io n  by i n s t a l l i n g  an SU c a r b u r e tto r  and an 
e le c t r o n ic  i g n i t i o n  system  which i s  shown s c h e m a t ic a l ly  in  F ig  2 . A 
d egree  and BDC en cod er , f i t t e d  to  th e  ca m sh a ft, i s  used to  t r ig g e r  a 
p r o p r ie to r y  e le c t r o n ic  i g n i t i o n  u n it  through a programmable tim in g  
in t e r f a c e ;  th e  i g n i t io n  tim in g  b e in g  s e t  w ith  programmable TTL 
dow ncounters.
Noguchi e t  a l  (5 )  rep orted  th a t t e s t s  on a Toyota d iv id e d  chamber 
en g in e  in d ic a te d  the optimum p o s i t io n  fo r  the spark p lug  as in  th e  
neck o f  th e  tu rb u len ce  g e n e r a tin g  pre-cham ber. T h is  p o s i t io n  
enab led  s t a b le  o p e r a tio n  to  be ex ten d ed  fu r th e r  in to  th e  le a n  
burning reg im e. The c y lin d e r  head geom etry o f  the Farymann e n g in e ,  
how ever, preclu d ed  o p t im isa t io n  o f the spark p lug  p o s i t io n  and i t  
was f i t t e d  in to  the o r ig in a l  tap p in g  fo r  the i n j e c t o r .  M ethanol has 
a h igh  en th a lp y  o f  v a p o r is a t io n , 1105 k J /k g , and to  a v o id  th e  
form ation  o f  i c e  in  the c a r b u r e tto r  an e l e c t r i c a l  h e a t in g  elem en t  
was f i t t e d  in  the a ir  i n l e t  d u c t . W h ilst a c c e p ta b le  in  a t e s t  r i g ,  
a t t e n t io n  needs to  be g iv en  in  a com m ercial a p p l ic a t io n  to  the  
d e s ig n  o f  an i n l e t  duct w ith  adequate h ea t t r a n s f e r  from th e  e x h a u st  
to  the f u e l  m ix tu re .
3 TEST RESULTS
3 .1  Data a c q u is i t io n
C y lin d er  p r e ssu r e s  were measured a t each d egree  o f  c r a n k -a n g le  u s in g  
a K is t le r  7055B p ie z o e l e c t r ic  p r e ssu re  tra n sd u cer  which was f i t t e d  
in to  the fa ce  o f  the c o n tr a -p is to n . The an a logu e s ig n a l  from the
5077 charge a m p lif ie r  was con verted  in to  a 1 0 - b it  d i g i t a l  s ig n a l  in  
the A to  D co n v er ter  o f a D atalab  T ra n sien t Recorder and s to r e d  in  
memory for  subsequent r ed u ctio n  on the U n iv e r s i t y ’ s Prime 750 
computer i n s t a l l a t i o n .  The a c q u is i t io n  system  i s  shown
s c h e m a tic a lly  in  F ig  2 . As the memory a v a i la b le  was l im ite d  to  4K 
an e le c t r o n ic  in t e r f a c e  was b u i l t  in to  the data reco rd in g  system  to  
en a b le  the tr a n s ie n t  record er a t 120® BTDC and to  d is a b le  i t  a t  120® 
ATDC during f i r in g  s t r o k e s .  The data recorded was thus m axim ised a t  
16 c o n se c u tiv e  c y c le s .
3 .2  C y c lic  d is p e r s io n
T y p ic a l p r essu re -cra n k  a n g le  reco rd in g s  fo r  the com bustion of  
m ethanol a t a com pression  r a t io  o f 9:1  and e q u iv a le n c e  r a t io s  
vary in g  from 0 .8  to  0 .6  are shown in  F ig  3 . The e x te n t  o f c y c l i c  
v a r ia t io n  in  maximum c y lin d e r  p ressu re  in c r e a se d  s i g n i f i c a n t l y  as  
o p e r a tio n  in  th e  lea n  burning regim e was extended  below  an 
e q u iv a le n c e  r a t io  o f 0 .8 .  S ta b le  o p e r a tio n  was not p o s s ib le  w ith  
eq u iv a le n c e  r a t io s  below 0 .7 .  The c y c l i c  v a r ia t io n s  in  com bustion  
were q u a n tif ie d  by e v a lu a tio n  o f the c y c l i c  d is p e r s io n  which was 
d e fin e d  as the r a t io  o f the standard d e v ia t io n  to  th e  mean v a lu e  of  
the maximum c y lin d e r  p ressu re  for  the c y c le s  recorded:
a = —
P  - _
The in f lu e n c e  o f type o f f u e l  and e q u iv a le n c e  r a t io  on the c y c l i c  
v a r ia t io n  in  maximum p ressu re  i s  shown in  F ig  4 . For the b a s e - l in e  
f u e l ,  i s o - o c ta n e ,  the c y c l i c  d is p e r s io n  in c r e a se d  from about 4% w ith  
s to ic h io m e tr ic  m ix tu res to  over 30% w ith  e q u iv a le n c e  r a t io s  o f l e s s  
than 0 .8 5 ;  the l im it  to  s ta b le  o p era tio n  b ein g  a t about 0 .9 .  With 
m ethanol i t  was p o s s ib le  to  extend  s ta b le  o p e r a tio n  fu r th e r  in to  the  
lea n  burning zone to  an e q u iv a le n c e  r a t io  o f about 0 .8  b e fo r e  th e  
c y c l i c  d is p e r s io n  in c r e a se d  to  5%.
3 .3  Engine com bustion model
The com bustion perform ance was an a ly sed  by com puting th e  
in sta n ta n eo u s  mass burning r a te  a t each degree o f crank a n g le  from  
th e  ex p e r im en ta lly  acqu ired  c y lin d e r  p ressu re  data  for  each c y c le  
reco rd ed . The s h i f t in g  e q u ilib r iu m  en g in e  com bustion model o f  
K rieger  and Borman (6 )  was u sed . In t h is  model th e  F ir s t  Law of  
Thermodynamics i s   ^ a p p lied  to  two zones: a burnt zone c o n ta in in g  a 
uniform  com p osition  o f the products o f com bustion and an unburnt 
zone c o n ta in in g  a homogenous m ixture o f r e a c t a n t s .  Both zones a re  
co n sid ered  to  be a t  the measured c y lin d e r  p r e s su r e . The 
thermodynamic p r o p e r t ie s  o f the two f u e ls  used were d er iv ed  from th e  
American Petroleum  I n s t i t u t e ’ s R esearch P r o je c t  44 (7 )  and th e
Thermodynamics P r o p e r t ie s  o f A lip h a t ic  A lco h o ls  ( 8 ) .  The
eq u ilib r iu m  computer program o f O likara  and Borman (9 ) i s  used  to  
determ ine the p r o p e r t ie s ,  and th e ir  d e r iv a t iv e s ,  o f the p rod u cts o f  
com bustion in  th e  burnt zone. The h ea t tr a n s fe r  r a te s  fo r  both  
zones were m odelled  on the e m p ir ic a l ly  d er iv ed  r e la t io n s h ip  o f  
Woschni (1 0 ) .
4 ANALYSIS
T y p ic a l cu rves o f the computed mass burning r a te  and the cu m u lative  
mass f r a c t io n  burnt are shown in  F ig  5 for  the com bustion  o f a le a n  
m ixtu re  o f  i s o - o c t a n e .  The in d iv id u a l  c y c le s  recorded  were 
c l a s s i f i e d  in to  f i v e  c a te g o r ie s  which were c h a r a c te r is e d  by:
A. Normal com bustion w ith  a sh ort d e la y  p e r io d ,  
high  burning r a te  and com plete com bustion a t  EVO.
B. As in  A above but w ith  a reduced burning r a t e .
C. P a r t ia l  burning a t a low r a te  and flam e  
e x t in c t io n  b e fo re  EVO.
D. C ycles in  which the e s ta b lish m e n t o f the flam e  
k e r n e l ta k es  a c o n s id e r a b le  tim e, r e s u l t in g  in  lon g  
d e la y  p er io d s  and low burning r a t e s .
E. E ig h t s tr o k in g .
The a n a ly s is  o f 152 in d iv id u a l c y c le s  w ith  low e q u iv a le n c e  r a t i o s ,  
shown in  T ab le 1, in d ic a t e s  the in c id e n c e  o f the v a r io u s  ty p es o f
c y c l e .  With m ethanol the in c id e n c e  o f  m is f ir in g  was reduced a t
e q u iv a le n c e  r a t io s  low er than th o se  fo r  i s o - o c t a n e .
T ab le 1: In c id en ce  o f  c y c le  ty p es
F uel
Com pression r a t io  
E q u iva len ce  r a t io  
Number o f  c y c le s
is o -o c ta n e
9:1
0 .7 5 - 0 .8 5
64
m ethanol
9:1
0 .6 0 - 0 .7 5
88
P ercen ta g e A 2 5 .0 3 9 .8
o f c y c le B 3 7 .5 3 0 .7
typ e C 0 5 .7
recorded D 1 2 .5 1 1 .4
E 2 5 .0 1 2 .4
T ab le  2; Comparison o f pre-cham ber and standard chamber r e s u l t s
Engine Farymann R icardo
com bustion chamber type s p h e r ic a l
pre-cham ber
c y l in d r ic a l  open
Com pression r a t io 9 .0 9 .0
Speed rev/m in 1000 1009
I g n it io n  tim in g  ®BTDC 15 15
F u el is o -o c ta n e is o - o c ta n e
A ir Flow k g /h 11 .9 1 4 .7
E q u iv a len ce  r a t io 0 .8 4 5 0 .8 3 0
D elay (0-10% ) ®CA 2 9 .0 3 5 .5
Maximum burning r a te  %/®CA 3 .53 2 .4 8
4 .1  T urbulence g e n e r a tin g  pre-cham ber
In the o r ig in a l  d i e s e l  en g in e  c o n f ig u r a t io n  th e  f u e l  was in je c t e d  
in to  a 16 mm ra d iu s  s p h e r ic a l  pre-cham ber to  in c r e a s e  s w ir l  a t  th e  
end o f  the com p ression  s tr o k e  and thus reduce th e  i g n i t i o n  d e la y  
p er io d  a s s o c ia t e d  w ith  com pression  i g n i t i o n .  In th e  m o d ified  form  
fo r  spark i g n i t i o n ,  th e  p lug was f i t t e d  in to  th e  o r ig in a l  tap p in g  
fo r  th e  in j e c t o r  and th e  flam e was i n i t i a t e d  in  th e  h ig h ly  tu r b u le n t  
f lo w  in  th e  s w ir l  pre-cham ber. The in f lu e n c e  o f  flam e i n i t i a t i o n  in  
th e  pre-cham ber may be seen  from a com parison o f  t e s t  r e s u l t s  from  
th e  con verted  Farymann en g in e w ith  s im ila r  r e s u l t s  from a q u ie s c e n t  
com bustion chamber o f a R icardo E6 en g in e  shown in  T ab le 2 .
At t h is  lea n  e q u iv a le n c e  r a t io  the d e la y  p e r io d , d e f in e d  h ere  as the  
d e g r e es  o f crank a n g le  -from ig n i t io n  to  a mass f r a c t io n  o f  10% 
b u r n t, was reduced by about 18% through th e  a c t io n  o f  flam e  
i n i t i a t i o n  in  a h ig h ly  tu rb u len t f lo w . T h is would in  e f f e c t  reduce  
th e  spark advance req u ired  for  b e s t  torque and a id  th e  e s ta b lish m e n t  
o f the flam e k e r n e l as the unburnt gas tem peratu re a t  th e  i g n i t i o n  
p o in t  would be h ig h e r . The h igh  r a te  a t  which th e  unburnt gas was 
e n tr a in e d  in to  th e  prop agatin g  flam e fr o n t  through th e  u se  o f  a 
s w ir l  pre-cham ber a ls o  r e s u lte d  in  a s i g n i f i c a n t  in c r e a s e  in  the  
maximum mass burn ing r a te  o f about 42%.
4 .2  In f lu e n c e  o f d e la y
The im portance o f  the behaviour o f the spark ig n it e d  flam e during  
th e  i n i t i a l  s ta g e s  o f  flam e developm ent i s  the s u b je c t  o f cu r r en t  
r e s e a r c h . De S o e te  (1 1 ) s ta te d  t h a t ,  'The su b seq u en t flam e
p ro p a g a tio n , d u rin g  which the major p o r t io n  o f  th e  f u e l  i s  b u r n t, 
depends s u b s t a n t ia l ly  on the t r a n s ito r y  p er iod  d u rin g  which the  
flam e k ern e l i s  b e in g  e s t a b l i s h e d ' .  T h is phenomenon was e x e m p lif ie d
in  th e se  t e s t s  by the e x is t e n c e  o f in d iv id u a l c y c le s  in  which a long  
d elay  period  r e s u lte d  in  low burning r a te s  -  type D c y c le s  as shown 
in  F ig 5 . The in f lu e n c e  o f the d e la y  p er iod  on the maximum burning  
r a te s  computed fo r  152 in d iv id u a l c y c le s  w ith  the com bustion of  
m ethanol and is o -o c ta n e  in  the lea n  burning regim e a t a com p ression  
r a t io  o f 9:1 may be seen  in  F ig  6 . The h igh  maximum burning r a t e s ,  
a s s o c ia t e d  w ith  com plete com bustion, r e s u lte d  from a sh o r t d e lay  
p e r io d . The i n i t i a l  developm ent o f the flam e k ern e l was more rap id  
w ith  lea n  m ethanol m ixtures than w ith  lea n  is o -o c ta n e  m ixtu res and 
maximum burning r a te s  were co rresp o n d in g ly  h igh er  w ith  m ethanol a t  
about 5.5%/®CA fo r  d elay  p er iod s of about 15®CA.
4 .3  Combustion perform ance
The perform ance o f the d iv id ed  com bustion chamber w ith  m ethanol 
m ixtures i s  compared w ith that of the b a s e lin e  f u e l ,  i s o - o c t a n e ,  in  
Fig 7 . Mean v a lu e s  o f the maximum mass burning r a te  fo r  16 
c o n s e c u tiv e  c y c le s  are p lo tte d  a g a in s t  the e q u iv a le n c e  r a t io  as the  
m ixture s tr e n g th  was weakened. The r e s u l t s  d em onstrate  the h ig h er  
burning r a te s  ob ta in ed  w ith  the com bustion of m ethanol m ix tu res  and 
th e  degree to  which the eq u iv a len ce  r a t io  cou ld  be weakened below  
th a t for  is o -o c ta n e  before  c y c l i c  v a r ia t io n s  made s ta b le  o p e r a tio n  
im p o s s ib le .
5 CONCLUSIONS
Sm all d i e s e l  en g in e s  w ith s w ir l  pre-cham bers, th a t are in  common use  
for  ppwer g e n e r a tio n  in  many c o u n tr ie s , may be e a s i l y  co n v erted  to  
s p a r k - ig n it io n  to  burn a lc o h o l f u e ls  which may be produced l o c a l l y  
from in d igen ou s raw m a te r ia ls .  Combustion of th e se  f u e ls  i s  more 
e a s i l y  c o n tr o l le d  w ith  spark ig n i t io n  than w ith  com p ression  
i g n i t i o n .  The h ig h ly  tu rb u len t d iv id ed  com bustion chambers are w e ll  
s u ite d  to  the com bustion of lea n  m ix tu res . S ta b le  o p e r a tio n  may be 
extended  in to  the lean  burning regim e. The p er iod  of i n i t i a l  flam e  
developm ent i s  s h o r t . T h is period  has a marked in f lu e n c e  on 
subsequent maximum burning r a te s  which were c o r re sp o n d in g ly  h igh  
w ith  the h ig h ly  tu rb u len t com bustion o f m ethanol. A lthough the  
d u r a b i l i t y  o f the m odified  en g in e has not been proved, the c y lin d e r  
head has been d ism an tled  and no unusual e f f e c t s  have been o b se r v ed .
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FLAME DEVELOPMENT IN SPARK-IGNITION 
ENGINES BURNING LEAN METHANOL MIXTURES
R A Johns and A W E  Henham 
U n iv e r s ity  o f S u rrey , G u ild ford , England
Summary
Sm all d i e s e l  en g in es  may be r e a d ily  converted  to  s p a r k - ig n it io n  to  
burn a lc o h o ls .  The h ig h ly  tu rb u len t pre-cham bers in  th e se  en g in es  
are id e a l ly  s u ite d  to  burning lea n  m ix tu res, thereby im proving f u e l  
economy w h ils t  reducin g exh au st e m is s io n s . This paper d e s c r ib e s  
th e  a p p l ic a t io n  o f a d ia g n o s t ic  en g in e computer com bustion model to  
the a n a ly s is  o f flam e developm ent in  such an e n g in e . The r e s u l t s  
e x h ib it  c h a r a c t e r i s t ic  fe a tu r e s  o f flam e developm ent; a p eriod  o f  
heat tr a n s fe r  to  the unburnt gas between the spark plug e le c t r o d e s ,  
in sta n ta n e o u s  s e l f - i g n i t i o n  and a period  o f d e c e le r a t in g  flam e  
p rop agation . These c h a r a c t e r is t ic s  were m odelled fo r  use in  en g in e  
computer s im u la t io n s .
1. INTRODUCTION
A lcohol f u e l s ,  e i t h e r  m ethanol, produced from- in d igen ou s d e p o s its  
o f n a tu ra l g a s , or e th a n o l, produced from biom ass, o f f e r  a t t r a c t iv e  
a lt e r n a t iv e  f u e ls  to  o i l .  With RON of 114 and 111 r e s p e c t iv e ly ,  th ey  
are w e ll  s u ite d  as f u e ls  fo r  h igh  com pression s p a r k - ig n it io n  e n g in e s .  
E va lu a tion  programmes are a lrea d y  in  p ro g ress; m ainly w ith  c a p t iv e  
v e h ic le  f l e e t s  which are la r g e ly  independent o f  e x te n s iv e  f u e l  
d is t r ib u t io n  sy ste m s. On the o th er  hand, both th e se  oxygen ates have 
extrem ely  low ce ta n e  numbers and a r e , th e r e fo r e , d i f f i c u l t  to  i g n i t e  by 
com pression  ig n i t i o n ,  p a r t ic u la r ly  a t  loads below 25% o f the en g in e  
r a t in g . The sm a ll s ta t io n a r y  d i e s e l  e n g in e s , in  common use fo r  power 
g e n e r a tio n  and pumping in  remote areas may, however, be e a s i l y  con verted
to  spark ig n i t io n  to  burn the lo c a l ly  produced a lc o h o l f u e l s .  The h igh
com pression r a t io s  and h ig h ly  tu rb u len t com bustion chambers in  th e se  
en g in es are id e a l  fo r  the com bustion of lean  a lc o h o l m ix tu r e s . Such an 
e n g in e , a s in g le  c y lin d e r  7 .5  kW d ie s e l  w ith  a s p h e r ic a l  pre-cham ber, 
was converted  to s p a r k - ig n it io n  and perform ance t e s t s  w ith  lean  m ethanol 
m ixtures in d ic a te d  th a t s ta b le  o p era tio n  could  be extended fu r th e r  in to  
the lean  burning regime than was p o s s ib le  w ith the b a s e lin e  f u e l ,  i s o ­
octane ( 1 ) .  A n a ly s is  o f the c y lin d e r  pressu re  read in gs u sin g  a computer 
engine com bustion model showed the e x is te n c e  of four d i f f e r e n t  typ es of 
burning c y le s  (2 )  which in c lu d ed  c y c le s  w ith  p a r t ia l  burning. The 
period of i n i t i a l  flam e developm ent was found to  have a s ig n i f i c a n t  
in f lu e n c e  on subsequent flam e developm ent. Complete com bustion w ith  
high maximum burning r a te s  r e su lte d  from a sh ort period  of flam e
developm ent, whereas the p a r t ia l  burning c y c le s  were a consequence o f a 
long flame developm ent p er io d .
The purpose o f t h is  work was to  apply the en g in e computer
com bustion model in  a d ia g n o s t ic  manner to  a n a ly se  the e x p e r im e n ta lly  
acquired  c y lin d e r  p ressu re  data to  id e n t i f y  the c h a r a c t e r is t ic  fe a tu r e s  
of flame developm ent in  sp a r k - ig n ite d  lean  m ethanol m ix tu res .
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2 . EXPERIMENTATION
The co n v ersio n  o f  the d i e s e l  en g in e  to  an a lc o h o l  fu e l le d  sp ark -  
ig n i t io n  en gin e and a d e s c r ip t io n  o f the a s s o c ia te d  data a c q u is i t io n  
system  i s  g iv en  in  r e fe r e n c e  1 .  E xperim ental p ressu re  data  were 
an a lysed  u sin g  the s h i f t in g  eq u ilib r iu m  com bustion model o f K rieger and 
Borman, w ith  h ea t t r a n s fe r  r a te s  determ ined from the e m p ir ica l  
r e la t io n s h ip  o f W oschni, as d e t a i le d  in  r e fe r e n c e  2 . Here the  
com bustion chamber i s  d iv id ed  in to  two zones; a burnt zone c o n ta in in g  a 
uniform  com p osition  o f  products and an unburnt zone c o n ta in in g  a 
homogeneous m ixture o f r e a c ta n ts . The F ir s t  Law o f Thermodynamics i s  
a p p lied  to  each zone a t  1^ in te r v a ls  o f crank an g le  to  compute a mass o f  
r e a c ta n ts  burnt th a t i s  j u s t  s u f f i c i e n t  to  cause the measured p ressu re  
r i s e .  The flam e prop agation  v e lo c i t y  was computed assum ing a s p h e r ic a l  
flam e fro n t p ropagatin g  from th e  ig n i t io n  source and in t e r s e c t in g  the  
c y lin d e r  geom etry. The lam inar flam e speed was c a lc u la te d  from the  
computed a d ia b a t ic  flam e tem perature and unburnt gas tem perature u sin g  
the e m p ir ica l r e la t io n s h ip  o f Koda e t  a l  ( 3 ) .  C orrection s were in c lu d ed  
fo r  lea n  eq u iv a le n c e  r a t io s  and fo r  c y lin d e r  p ressu re:
S_ -  1 .09  X 10"4 (Tu Tad exp (-E /R T )/(T ad -T u )^ )^ «^ *® (--)^ ’ ^
L p
The en gin e was run on MlOO fu e l  a t  1000 rev/m in  w ith  eq u iv a le n c e
r a t io s  in  the range 0 .6 1 < * < 1 .0 1 . and an a ir f lo w  o f 11 .9  k g /h .
3 . ANALYSIS
The computed cu rves o f  p ropagation  v e lo c i t y  and mass f r a c t io n  burnt 
during i n i t i a l  flam e developm ent e x h ib ite d  four d i s t i n c t  c h a r a c t e r is t ic  
f e a t u r e s : -
A. A p er iod  o f  h ea t tr a n s fe r  im m ediately fo llo w in g  spark
d isch a rg e  during which the c y l in d r ic a l  column o f gas between  
the e le c tr o d e s  was heated  to  the s e l f - i g n i t i o n  tem perature.
B. In sta n ta n eo u s  s e l f - i g n i t i o n  o f the c y l in d r ic a l  column w ith
a co rresp o n d in g ly  h igh in sta n ta n eo u s  v a lu e  o f flam e
p rogaga tion  v e lo c i t y .
C. A period  during which th e  flam e k ern e l was c o n so lid a te d  and
e s ta b l is h e d .  Here unburnt gas was en tra in ed  in to  the sm a ll
" e x p a n d in g  k e r n e l w ith  a c o o lin g  a c t io n  th a t r e su lte d  in  a 
d ecrea se  in  the va lu e o f propagation  v e lo c i t y  w ith  tim e.
Quenching cou ld  occur i f  the entrainm ent r a te  co n tin u o u s ly  
exceeded the burning r a te .
D. E stab lish m en t o f a s e lf -p r o p a g a t in g  tu rb u len t flam e w ith  an
a c c e le r a t in g  flam e fr o n t .
Mean va lu es  of the tim e e la p sed  from spark d isch a rg e  to  ig n i t io n  o f an 
unburnt volume o f m ixture between the spark plug e le c t r o d e s ,  to g e th e r  
w ith  the a s s o c ia te d  standard d e v ia t io n  in  time p lo tte d  as bars on the  
mean v a lu es  are shown in  Fig 1. The heat tr a n sfe r  period  in c rea sed  w ith  
an in v e r se  power law as the m ixture s tr e n g th  was reduced, w ith  the index  
being a fu n c tio n  o f com pression r a t io  :
T h c / ' h t * . !  -  •
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C y c le - t o -c y c le  v a r ia t io n s  in  the h eat tr a n s fe r  period  in crea sed  
w ith r e d u ctio n s  in  eq u iv a le n c e  r a t io  a lth ou gh  l e s s  markedly w ith  th e  
h igh er  com pression  r a t io .
The h igh  in s ta n ta n e o u s  v a lu e  o f  flam e propagation  v e lo c i t y ,  
r e s u lt in g  from the ’e x p lo s io n ’ o f the unburnt gas between the e le c tr o d e s  
(F ig  2) v a r ied  from a mean va lu e  o f 35 ms w ith  s to ic h io m e tr ic  m ixtures  
to 18 ms”  ^ w ith  m ixture s tr e n g th s  approaching the lea n  m is f ir e  l im i t .  
The com pression  r a t io  had l i t t l e  in f lu e n c e  on t h is  param eter and the  
r e s u lt s  in d ic a te d  a r e la t io n s h ip  o f the form :
Spj = a + bS^ 
where a = 18m /s, b = 6s/m  and n = 2 .
Im m ediately a f t e r  s e l f - i g n i t i o n  the flam e fr o n t  d e c e le r a te s  as 
c o o le r  unburnt gas i s  en tra in e d  in to  the d ev e lo p in g  k ern e l u n t i l  a 
tu rb u len ce  c o n tr o lle d  flam e propagation  i s  e s ta b l is h e d .  The computed 
r e s u lt s  were in  g e n era l agreem ent w ith  Chiomiak ( 4 ) ,  who reported  an 
in v e r se  r e la t io n s h ip  betw een p rop agation  v e lo c i t y  and tim e fo r  th e  
p eriod  im m ediately  fo llo w in g  s e l f - i g n i t i o n .  C y c le - to -c y c le  v a r ia t io n s  
in  the index  were s i g n i f i c a n t ,  p a r t ic u la r ly  a t the h igh er  com pression  
r a t io ;  t y p ic a l ly  the c y c l i c  d is p e r s io n  was 0 .3 2  a t an eq u iv a len ce  r a t io  
o f  0 .8 1 .
The flam e k ern e l may be con sid ered  to  be e s ta b l is h e d  when the flam e  
fro n t a c c e le r a t e s  im m ediately  fo llo w in g  the p eriod  o f d e c r ea s in g  
prop agation  v e lo c i t y .  G en era lly  th e  t o t a l  p eriod  between spark  
d isch a rg e  and a p o s i t i v e  r a te  o f change o f prop agation  v e lo c i t y  
in c rea sed  w ith  r e d u c tio n s  in  m ixture s tr e n g th . With s to ic h io m e tr ic  
m ixtures the o n se t  o f  an a c c e le r a t in g  flam e fro n t was c le a r ly  
d isc e r n a b le  but w ith  le a n  m ixtu res i t  was d i f f i c u l t  to  s p e c if y  the e x a c t  
tim e a t which the flam e cou ld  be sa id  to  be e s ta b l is h e d .  T y p ic a lly  a t  
an eq u iv a le n c e  r a t io  o f 0 .6 9  the p rop agation  a c c e le r a t io n  v a r ied  between  
p o s i t iv e  and n e g a tiv e  v a lu e s  from 5° BTDC to  7° ATDC. A com parison  
between the p eriod  o f  flam e e s ta b lish m e n t , d e fin ed  by dS^/dt becoming 
p o s i t iv e ,  and the tim e e la p se d  from spark d isch a rg e  to  a mass f r a c t io n  
burnt o f 1% i s  shown in  Fig 3, w ith  a r e s o lu t io n  o f 1°CA superim posed. 
The c y c l i c  d is p e r s io n s  in  p rop agation  a c c e le r a t io n  and in  a m ass, 
f r a c t io n  burnt o f 1% i s  g iv e n  in  ta b le  I .
For e q u iv a le n c e  r a t io s  between 0 .8  and 1 .0  th ere  was good agreem ent 
between dS /d t  becoming p o s i t iv e  and the corresp on d in g  tim e to  1% mass 
burnt. The problem o f a s c e r ta in in g  flam e e s ta b lish m e n t from dS /d t  
becoming p o s i t iv e  became in c r e a s in g ly  more d i f f i c u l t  w ith  eq u iv a le n c e  
r a t io s  l e s s  than 0 .8 .  For t h is  reason  a d e f in i t io n  o f 1% burnt was 
adopted . The v a r ia t io n  in  t h is  period  w ith  lam inar flam e speed i s  shown 
in  Fig 4 . The r e la t io n s h ip  took the form o f a power law ;
^  1% / ^  1 % * =1  "  $ = 1 ^ 
where n was e v a lu a te d  a s  a fu n c t io n  o f  co m p ressio n  r a t io :
n = 0 .2 2  Ç- 3 .0
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Table I
Compression
r a t io
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C y c lic  d is p e r s io n  in  flam e e s ta b lish m e n t period  
dS /d t  + ve °'E q u iva lence
r a t io Pmean
CA
d is p e r s io n mean d is p e r s io n
0 .6 5 11.1 0 .297 2 3 .3 0 .155
0 .6 9 12.1 0 .2 5 6 2 0 .6 0 .155
9:1 0 .7 4 8 .2 0 .2 8 0 1 6 .0 0 .1 5 6
0 .8 1 9 .8 0 .2 4 5 11 .9 0 .1 6 0
0 .9 4 5 .9 0 .1 3 6 6 .6 0 .1 5 2
1 .01 7 .3 0 .1 7 8 6 .8 0 .162
0 .5 6 8 .9 0 .2 3 6 16 .6 0 .157
0 .6 1 7 .6 0 .2 7 6 1 5 .9 0 .157
11:1 0 .7 7 8 ,2 0 .1 7 1 1 0 .0 0 .1 6 0
0 .8 1 6 .4 0 .2 0 3 8 .8 0 .1 5 9
0 .9 7 8 .1 0 .1 6 0 8 .4 0 .167
4 . CONCLUSIONS
The period  o f  flam e e sta b lish m en t in  the d ivided-cham ber m ethanol 
engine e x h ib ite d  four c h a r a c t e r is t ic  fe a tu r e s  which were r e la te d  to  the  
lam inar flam e speed and cou ld  be m odelled  fo r  use in  engine computer 
s im u la t io n s .
Flame e s ta b lish m e n t was d i f f i c u l t  to  a s c e r t a in  in  terms o f the  
o n se t o f  a p rop agation  a c c e le r a t io n  w ith  lea n  m ixtures below an 
eq u iv a le n c e  r a t io  o f 0 .8  and a d e f in i t io n  in  term s o f a mass f r a c t io n  
burnt o f 1% was con sid ered  to  be more d e f i n i t i v e .  This tech n iq u e o f  
em ploying d ia g n o s t ic  en g in e com bustion models p ro v id es  an in e x p e n s iv e  
method o f a n a ly s in g  en gin e com bustion perform ance w ith  a l t e r n a t iv e  
f u e l s .
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ABSTRACT
The use of a wider range of fuels in spark-ignition engines is becoming an important 
issue in certain parts of the world. In order to derive the maximum performance and 
efficiency from most alternative fuels it is necessary to use higher compression ratios and 
leaner mixtures. This is generally believed to require a turbulent combustion chamber.
A secondary advantage of this combustion system is the low CO and NOx emission 
associated with mixtures well to the weak side of stoichiometric.
In order to investigate the potential of such a combustion system the authors have 
constructed two research engines, one with open chamber using inlet swirl and an 
asymmetrical piston recess and the other with a divided chamber.
A computer engine combustion model has been developed. This uses the data acquired 
from the tests on both engines to plot mass burning rates for each cycle. In addition 
batches of cycles are analysed for cyclic dispersion which increases at the weaker end of 
the mixture range.
Comparative tests using methanol and iso-octane clearly demonstrate the wider 
equivalence ratio band acceptable when running on the former fuel.
1.0 INTRODUCTION
The p resen t work was i n i t i a t e d  to  exam ine th e  p o t e n t ia l  fo r  developm ent o f  
the w e ll-p r o v e n  and w id e ly  a ccep ted  s p a r k - ig n it io n  ( o t t o  c y c le )  e n g in e .
The areas fo r  developm ent co n sid ered  have been:
a ) com bustion o f m ixtures c o n s id er a b ly  lea n er  than s to ic h io m e tr ic  to  
improve brake therm al e f f i c i e n c y  w h ile  l im it in g  CO, HC and NO^  
e m iss io n s ;
b) o p e r a tio n  a t  h ig h er  com pression  r a t io s  to  improve brake therm al 
e f f i c i e n c y  and to  r e s to r e  s p e c i f i c  ou tput reduced by the use o f  
lea n er  m ix tu res;
c )  e x te n s io n  o f th e  range o f f u e ls  from th e t r a d it io n a l  hydrocarbons to  
o x y g e n a tes .
I t  was f e l t  th a t  th e se  th ree  were com p atib le  o b j e c t iv e s  o f a developm ent 
programme and two en g in e s  were b u i l t  to  en a b le  p r a c t ic a l  t e s t in g  to  
b e g in . P re lim in a ry  s tu d ie s  by th e  au th ors encouraged them to  pursue th e  
homogenous com bustion system  r a th er  than s t r a t i f i e d - c h a r g e  to  p rov id e  le a n  
m ixture o p e r a tio n . At th e  same tim e a computer en g in e  com bustion model 
(ECM) was d ev e lo p ed . The model i s  used to  a n a ly se  data acq u ired  during  
t e s t s  o f the two e n g in e s  to  p r e d ic t  mass burning r a t e .  From t h i s  model 
c o n c lu s io n s  are  drawn about th e  typ es o f  com bustion p r o c e sse s  ta k in g  p la c e  
w ith in  c y c le s  a t  d i f f e r e n t  o p e r a tin g  c o n d it io n s  and about th e  v a r ia t io n  
between s u c c e s s iv e  c y c le s .
2.0 ENGINE DESIGN
In  order to  proceed  as r a p id ly  as p o s s ib le  in  th e  e a r ly  s ta g e s  o f the  
programme, i t  was d ec id ed  to  employ s in g le - c y l in d e r  e n g in es  and to  co n v er t  
e x is t in g  exam ples a v a i la b le  in  th e  U n iv e r s ity  la b o r a to r y . As com p ression  
r a t io s  were to  be h ig h  and, in  th e  developm ent s t a g e s ,  lo a d in g s  u n c e r ta in ,  
c o n v ersio n  o f fo u r -s tr o k e  c o m p r e s s io n - ig n it io n  en g in e s  was und ertaken . The 
rugged c o n s tr u c t io n  o f  th e se  was regarded as a p p ro p r ia te  and th e  e n g in e s  
a v a i la b le  en a b le  p a r a l l e l  approaches to  be made w ith  d iv id e d  and open  
chamber com bustion sy ste m s.
2.1 Divided Chamber Engine
The d iv id ed  chamber en g in e  was based on a Farymann w a te r -c o o led  
c o m p r e s s io n - ig n it io n  en g in e which a lrea d y  in co rp o ra ted  a v a r ia b le  
c o m p r e ss io n -r a t io  d e v ic e  u sin g  a c o n tr a -p is to n  to  vary the volume o f  the  
pre-cham ber. M o d ific a tio n s  com prised:
a )  a s t e e l  sp a cer  and annealed  copper g a s k e ts  in s e r te d  betw een th e  
c y lin d e r  and the head ( th e  range o f com p ression  r a t io  became 8 .6  to  
12 compared w ith  th a t fo r  th e  d i e s e l  v e r s io n , 12 to  2 2 );
b) f i t t i n g  an SU co n sta n t vacuum a ir  v a lv e  c a r b u r e tto r  in  p la c e  o f  th e  
f u e l  i n j e c t io n  system ;
c )  ad a p tin g  th e  head to  take a spark p lu g , f ir e d  by an e le c t r o n ic  
i g n i t io n  sy stem .
The la y o u t o f th e  c y lin d e r  head i s  shown in  f ig u r e  1 to  com prise a d is k  
com bustion chamber between th e  f l a t  topped p is to n  and f l a t  c y lin d e r  hea'd, a 
16 mm rad iu s s p h e r ic a l  pre-cham ber con nected  by 15 mm d iam eter  port to  th e  
main chamber and bounded by the f l a t  32 mm d iam eter c o n tra  p is to n  on the  
o p p o s ite  s id e .  The p ressu re  tran sd u cer  i s  lo c a te d  in  the fa c e  o f  th e  
c o n tr a p is to n . The spark plug i s  lo c a te d , p a r a l le l  to  th e  c y lin d e r  a x is  a t  
the top o f the pre-cham ber. Although th e  on ly  in fo rm a tio n  a v a i la b le  a t th e  
tim e su g g ested  th a t  th e  neck o f the prechamber was th e  p r e fe r r ed  s i t e  t h is  
was not p r a c t ic a b le  w ith in  t h is  en g in e  s tr u c tu r e .
The ig n i t io n  system  was purpose b u i l t  and i s  d r iv en  by an encoder which i s  
a ls o  used for  th e  data a c q u is i t io n  sy stem . Programmable TTL downcounters 
are used to s e t  tim in g  from a BDC t r ig g e r .
In order to  avo id  problems c r ea ted  by the h igh  en th a lp y  o f  e v a p o ra tio n  o f  
a lc o h o l  f u e ls  an e l e c t r i c a l  h e a tin g  elem ent was f i t t e d  in  th e  supp ly  p ipe  
from the a ir  flow m eter . W hile t h is  proved not to  be n e c e ssa r y  under th e  
c o n d it io n s  o f th e  la b o r a to r y  i t  would be a requirem ent in  p r a c t ic e  to  
arrange fo r  a c o o la n t  or exhaust heated  duct where low er am bient 
tem peratures are a n t ic ip a t e d .  I t  has been cla im ed  th a t  c o n s id e r a b le  
in c r e a s e s  in  e f f i c i e n c y  can be o b ta in ed  when p reh ea tin g  by t h is  means
( 3 ) .  Presum ably t h is  r e fe r s  to  part load  where v o lu m e tr ic  e f f i c i e n c y  i s  
not a problem .
The en g in e  i s  i n s t a l l e d  on a bed w ith  a s w in g in g - f ie ld  d .c .  raotor-gen erator  
u n it  as a dynamometer. A ir and f u e l  f lo w  m eters are  f i t t e d .
2.2 Open Chamber Engine
The open chamber en g in e  was based on a P e t te r  BAl a ir - c o o le d  com p ression -  
i g n i t io n  e n g in e . M o d ific a tio n s  com prised:
a )  Shims p la ced  between th e  c y lin d e r  b a r r e l and cran k case  to  vary the  
com p ression  r a t io ;
b) le n g th e n in g  pushrods n e c e s s i ta t e d  by (a );
c )  f i t t i n g  an SU co n sta n t vacuum a ir  v a lv e  c a r b u r e tto r  in  p la c e  o f th e
f u e l  i n j e c t io n  system ;
d) ad ap tin g  th e  head to  take a spark p lug  f ir e d  by an e le c t r o n ic  
i g n i t io n  system ;
e )  m achining p is to n s  from blanks su p p lie d  by the m an u factu rers.
Under item  ( e )  above, i t  i s  p o s s ib le  to  use t h is  en g in e  to  examine th e
e f f e c t  o f com bustion  chamber d e s ig n . The two d e s ig n s  employed so  fa r  have 
been th e  d isk  betw een f l a t  p is to n  and th e  f l a t  c y lin d e r  head and a 
tu r b u le n t chamber in  which an o f f s e t  c y l in d r ic a l  r e c e s s  in  th e  p is to n  i s
p laced  below th e  exh au st v a lv e .  The l a t t e r  was thought to  g iv e  some o f  th e
b e n e f i t s  c la im ed  by May (4 )  fo r  the F ir e b a l l  chamber but w ith ou t the  
co m p lex ity  o f a r e c e sse d  v a lv e  chamber in  th e  head. A lso  th e  in c r e a se d  
s u r fa c e  volume r a t io  should have l e s s  e f f e c t  on e f f i c i e n c y  i f  the  
a d d it io n a l  su r fa c e  i s  in  the p is to n  and, t h e r e fo r e ,  u n co o led . In each
c a s e ,  th e  i n l e t  v a lv e  i s  masked and th e  p ort d es ig n ed  to  g iv e  i n l e t  m ixtu re
s w ir l .  For th e  purposes o f t h is  paper o n ly  r e s u l t s  fo r  th e  r e c e s se d  p is to n
chamber are d is c u s s e d . The p r e ssu re  tran sd u cer  i s  lo c a te d  in  the head w ith  
a s t r a ig h t  tap p in g  to  the com bustion chamber. The chamber d e s ig n  i s  shown 
in  f ig u r e  2 .
The i g n i t io n  system  employed i s  broadly  s im ila r  to  th a t  d e scr ib ed  in  2 .1 .
The en g in e  i s  i n s t a l l e d  on a bed w ith  water dynamometer. A v isc o u s  flo w  
a ir  m eter and f u e l  flo w  m eterin g  are f i t t e d .
2-3 Engine data
Data fo r  the two e n g in es  i s  g iv e n  below:
Engine
Chamber 
Based on
C oo lin g  
Bore/mm 
Stroke/mm  
Swept Volume/cm" 
C arb u rettor  
Spark p lug
D iv ided
Farymann
Water
90
110
700
SU HS2 
10 mm
Champion G63
I I
Open Compact 
P e t te r  BAl
A ir
8 8 .9
9 2 .1
573
SU HS2 
12 mm
Champion P8Y
3.0 TEST PROCEDURE
3.1 Method of data acquisition
For each  en g in e  th e  ex p er im en ta l s e t -u p  i s  as shown in  f ig u r e  3 . In  each  
c a se  p r e ssu re  rea d in g s  from a K is t le r  p i e z o e l e c t r ic  tran sd u cer  were taken  
through a charge a m p lif ie r  to  an A to  D c o n v e r te r  by which a 1 0 - b it  d i g i t a l  
s ig n a l  was produced. The tr a n s ie n t  record er  s to r e d  th e  in fo rm a tio n  fo r  a 
s e r i e s  o f  c y c le s  fo r  subsequent re d u c tio n  by the U n iv e r s it y 's  Prime 
Computer i n s t a l l a t i o n .  The read in g  in t e r v a ls  were determ ined by s h a f t  
en cod ers f i t t e d  to  each e n g in e . To reduce th e  amount o f  data to  en a b le  the  
record er  to  hold  a rea so n a b le  number o f  c y c le s  the reco rd er  can be en ab led  
a t  120® b e fo re  top dead c e n tr e  on th e  com p ression  s tr o k e  and d is a b le d  a t  
120® a f t e r  on the f i r i n g  s tr o k e . Thus 241 read in gs a re  acq u ired  fo r  each  
c y c le  and data  fo r  a maximum o f  16 c o n s e c u tiv e  c y c le s  can be s to r e d . The 
r e s u l t s  may be d isp la y e d  on a s to r a g e  o s c i l lo s c o p e  b e fo r e  p r o c e ss in g  fo r  
in s p e c t io n  in  o u t l in e .
O p eratin g  param eters -  sp eed , f u e l  and a ir  flow  r a te s  are record ed . CO and 
HC rea d in g s  from NDIR and NO^  from ch em ilu m in escen t a n a ly se r s  are ta k en .
3.2 Engine Combustion Model
The m odel, d e sc r ib e d  by one o f  th e  au th ors in  a recen t paper (1 )  computes 
the in sta n ta n e o u s  mass burning r a te  a t  each degree o f crank a n g le  fo r  which  
the p ressu re  s ig n a l  i s  o b ta in ed  during t e s t s .  The model i s  based upon the  
s h i f t in g  e q u ilib r iu m  model o f  K rieger  and Borman (5 )  in  which a homogenous 
m ixture o f r e a c ta n ts  com p rises an unburnt zone and a homogenous m ixture o f  
products the burnt zon e , both a t  c y lin d e r  p r e ssu r e . The burnt zone gas  
p r o p e r t ie s  are from O lik ara  and Borman (6 )  w h ile  the h ea t t r a n s fe r  r a te s  
were based on the r e la t io n s h ip s  o f  Woschni ( 7 ) .
4.0 TEST RESULTS
Ranges o f t y p ic a l  burning cu rv es from en g in es  I  and II  are shown in  f ig u r e s  
4 and 5 r e s p e c t iv e ly .
These have been d iv id e d  in to  th e  c a te g o r ie s  accord in g  to  th e ir  
c h a r a c t e r is t ic  curve shape as fo llo w s
A. com bustion: sh o r t  d e la y  p e r io d ,
h igh  burning r a te ,  com p lete  com bustion a t  EVO;
B. as A but w ith  reduced burning r a te ;
C. p a r t ia l  burning a t low r a t e ,  flam e e x t in c t io n  b e fo re  EVO;
D. lon g  p er iod  o f  e s ta b lish m e n t o f  flam e k e r n e l,  long  d e la y
p e r io d s , low burning r a te ;
E. (n o t i l l u s t r a t e d )  e ig h t - s t r o k in g .
4.1 Analysis of Results
The in c id e n c e  o f c y c le s  o f type C and D i s  g r e a te r  a t  low e q u iv a le n c e  
r a t io s  but t h is  e f f e c t  i s  much l e s s  marked in  th e  t e s t s  u s in g  m ethanol than  
in  th o se  u s in g  i s o - o c ta n c e  ( 8 ) .  The p ro p o rtio n  o f c y c le s  A and B fo r  
en g in e I  t e s t s  in  th e  range $ = 0 .6 1  -  0 .8 1  was found to  be 100% in  one 
t e s t  s e r ie s  a t 11:1 com p ression  r a t io  on m ethanol ( 1 ) .
The r e l i a b i l i t y  o f com bustion under th e se  c o n d it io n s  i s  an in v e r s e  fu n c t io n
o f  ig n i t io n  d e la y . The program d e sc r ib e d  p r in ts  the % mass burned a t
degree crank a n g le  in crem en ts . T h is has been used to  determ ine the  
d e la y . V arious d e f in i t io n s  have been proposed in c lu d in g  th e  crank a n g le  
from ig n i t io n  to  10% mass o f f u e l  burned. The au th ors are o f th e  o p in io n  
th a t the im portant c h a r a c t e r i s t ic s  o f com bustion are determ ined in  a much 
sh o r te r  p er iod  than t h i s .
D elays from ig n i t i o n  to  the p o in t a t  which 1 or 2% i s  burned are f e l t  to  be 
more s ig n i f i c a n t  and the l a t t e r  i s  p lo t te d  fo r  both en g in es  u sin g  m ethanol 
and is o -o c ta n c e  in  f ig u r e  6 . T h is shows the low er d e lay  fo r  each en g in e  
u sin g  m ethanol and th a t en g in e  I ,  w ith  the tu rb u len ce  g e n e r a tin g  
precham ber, shows reduced d e la y  over a w ide range o f v a lu e s  o f $ .
A s e t  o f t y p ic a l  d e la y  v a lu e s  i s  ta b u la te d  below fo r  th e  two en g in es  on 
both f u e l s .  In c lu d ed  in  th e  ta b le  i s  a s e t  o f r e s u l t s ,  p rocessed  u s in g  th e  
authors* program, but o f read in gs taken from t e s t s  in  another la b o ra to ry  on 
a range o f  com bustion chamber sh a p es. These were on ly  a v a i la b le  fo r  i s o -  
o c ta n ce , how ever. A lthough no fa r -r e a c h in g  c o n c lu s io n s  can be reached from  
th e se  few sam p les, th e  u n d er ly in g  tren d s and the s ig n if ic a n c e  o f the 2% 
mass burnt p o in t i s  ap p aren t.
ENGINE COMBUSTION CR FUEL * IGNITION 2^%
CHAMBER '^ BTDC ®CA
I DIVIDED 9 ISO-OCTANE 0 .8 5 15 29
11 METHANOL 0 .6 1 15 19
I I COMPACT 12 ISO-OCTANE 0 .9 20 2 5 .5
OPEN 12 METHANOL 0 .6 7 20 13
RICARDO DISK 10 ISO-OCTANE 0 .9 32 28
DISK + SWIRL 10 ISO-OCTANE 0 .9 20 1 8 .5
BOWL IN PISTON 10 ISO-OCTANE 0 .9 28 25
BIP +  SWIRL 10 ISO-OCTANE 0 .9 22 18 .5
TABLE showing d e lay from ig n i t io n to  2% mass burnt.
5 .0  CONCLUSIONS
These t e s t s  on two medium -speed s in g le - c y l in d e r  en g in e s  show th a t th e  r a te  
o f  burn ing, and hence s t a b i l i t y  o f  com b ustion , i s  g r e a te r  fo r  each typ e o f  
en g in e  when m ethanol i s  used than w ith  i s o - o c t a n e ,  r e p r e se n tin g  the  
t r a d it io n a l  hydrocarbon f u e l .
The lea n -b u rn in g  regim e g iv e s  s ta b le  burning down to  much lower e q u iv a le n c e  
r a t io s  w ith  m ethanol than w ith  i s o - o c t a n e .
The d e l ib e r a t e  p ro d u ctio n  o f  tu rb u len ce  a t  an e a r ly  s ta g e ,  thought to  be a 
fe a tu r e  o f  the d iv id e d  chamber e n g in e , i s  fa v o u r a b le  to  the com bustion o f  
very  lea n  m ixtu res a t  l e a s t  when judged by the crank a n g le  d e lay  fo r  2% 
b u rn t. The r e c e sse d  p is to n  compact open chamber, producing tu rb u len ce  a t  a 
l a t e  s ta g e  in  the com p ression  p r o c e s s , appears to  g iv e  s low er  burning  
c o n d it io n s .  T his type proved , how ever, l e s s  s e n s i t i v e  to  eq u iv a le n c e  r a t io  
in  the low er part o f th e  ran ge. T e s ts  a t  low er com p ression  r a t io s  are in  
p ro cess  on en g in e  I I .
The au th ors conclu de th a t th ere  i s  c o n s id e r a b le  scop e  fo r  fu r th e r  work in  
the le a n -b u m  reg io n  u s in g  a range o f a l t e r n a t iv e  f u e l s .  In a d d it io n  to  
the e n g in es  d escr ib ed  an autom otive f o u r -c y l in d e r  en g in e  i s  in  p r o cess  o f  
i n s t a l l a t i o n  for  t h is  p u rp ose . The e f f e c t  o f the com bution chamber shape  
on e m iss io n s  and e f f i c i e n c y ,  not rep orted  h e r e , w i l l  be pursued in  t h is  
programme.
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ABSTRACT
The use o f a w ider range o f f u e ls  in  s p a r k - ig n it io n  e n g in e s  and the  
q u est for  fu e l  economy w ith  low exhaust e m iss io n s  are im portant i s s u e s  in  
en g in e  d e s ig n  tod ay . The perform ance o f cu rren t and proposed com bustion  
chamber d e s ig n s  needs to  be a s s e s s e d  w ith  both c o n v e n t io n a l and 
a l t e r n a t iv e  f u e l s .  The param eters d e f in in g  com bustion chamber 
perform ance, such as mass burning c h a r a c t e r i s t i c s ,  i n i t i a l  flam e  
developm ent and c y c l i c  v a r ia t io n s  in  th e se  p aram eters, may be r e a d ily  
determ ined u sin g  computer com bustion m odels. These are used h ere  in  a 
d ia g n o s t ic  manner to  reduce e x p e r im e n ta lly  acq u ired  c y lin d e r  p r e ssu re  
d a ta .
T h is paper d e s c r ib e s  an e q u ilib r iu m  th eory  model and i t s  u se  in  
d eterm in in g  the com bustion perform ance param eters from t e s t  bed r e s u l t s  
taken from th ree  e n g in e s . The r e s u l t s  ob ta in ed  in d ic a t e  th e  s i g n i f i c a n t  
phases o f flam e developm ent, i t s  in f lu e n c e  on subsequent burning r a t e s ,  
and the in f lu e n c e  o f d i f f e r in g  g e o m etr ie s  on com bustion p erform ance.
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ZUSAMMENFASSUNG
Der Gebrauch von w e lt  v e rsch ied en en  B ren n sto ffen  In Zunderraotoren und 
das ew lge Suchen nach immer mehr '6k.onomlschen V erbrauch, m it n ie d r lg e n  
A uspuffem m lsionen, s p i e l t  h eu te  e ln e  bedeutende R o lle  b e l der K on stru k tlon  
von M otoren.
Die L eistu n g  von b is h e r ig e n  und vorg esch la g en en  K on stru k tion en  von 
Verbrennungskammern wird mit k o n v e n t io n e lle n  und anderen B r e n n sto ffe n  
a b g e s c h a tz t .
D ie Param eters d ie  d ie  A r b e it s le is tu n g  von Verbrennungskammern 
f e s t s e t z e n ,  zum B e is p ie l  d ie  M ass-Verbrennung C b a r a k te r is t ik e n , das 
Anfangsstadiura von Flammenentwicklung und d ie  z y k lis c h e n  V a r ia tio n e n  in  
d ie se n  Param eters, kennen a l l e  beim anwednen von Computer 
Verbrennungsm odellen l e i c h t  f e s t g e s t e l l t  werden.
D iese  M odelle werden b ie r  auf d ia g n o s t is c h e  W eise angewandt um d ie  
e x p è r im e n te ll  e r h a lte n e n  V erbrennungsdaten zu r e d u z ie r e n .
Der B e itra g  b e sc h r e ib t  e in  t h e o r e t is c h e s  G le ic h g e w lc h t M odell und 
se in e n  Gebrauch zur E rm ittelu n g  von V erb ren n u n gsle istu n g  Param eters  
gewonnen an d r e i V ersu ch sstan d en . *
D ie e r h a lte n e n  R e su lta te  z e ig e n  d ie  w e se n t lic h e n  Phasen von 
Flamm enentwicklung, deren E in f lu s s  auf su b se k u tiv e  B ren n g esch w in d ig k e it  
und den E in f lu s s  von v e r sch ied en en  G e s ta lte n  der Verbrennungskammern auf 
d ie  V erb ren n u n g sle istu n g .
SOMMAIRE
L' em p lo i^d* une gamme p lu s etend ue de carb u ran ts dans l e s  m oteurs a 
allum age par e t i n c e l l e  e le c t r iq u e  e t  la  rech erche d 'une consom m ation  
r é d u ite  accompagnée d'un f a ib l e  échappement des g a s , ce son t a c tu e lle m e n t  
des q u e s t io n s  im p ortan tes pour 1 'etu d e  des m oteurs. I l  fa u t é v a lu e r  le  
comportement de la  géom étrie  des chambres de com bustion e x is t a n t e s  a in s i  
qu'en p r o je t  pour des co m b u stib les  c o n v e n tio n n e ls  e t  pour d 'a u t r e s .  Les 
param étrés r e l a t i f s  au comportement de com bustion , t e l s  l e s  
c a r a c t é r is t iq u e s  concernant L ' e f f i c a c i t e  de c e t t e  com b ustion , l e  
développem ent i n i t i a l  de la  flamme e t  l e s  v a r ia t io n s  c y c l iq u e s  de c e s  
param étrés, peuvent e tr e  d eterm in es fa c ile m e n t en u t i l i s a n t  des m odèles de 
com bustion sur o r d in a te u r . I c i ,  on em ploie c e u x -c i  de façon  d ia g n o s t iq u e ,  
a f in  d 'a n a ly se r  des ren seign em en ts fo u r n is  au cours d 'e x p é r ie n c e s  sur la  
p r e ss io n  c y lin d r iq u e .
Ce mémoire d é c r it  un m odèle b a sé  sur la  th é o r ie  de l ' é q u i l i b r e ,  e t  
son em ploi pour déterm iner l e s  param ètres du comportement de la  com bustion  
a p a r t ir  des r é s u l t a t s  obtenus de t r o i s  m oteurs au banc d ' e s s a i .  Ces 
r é s u lt a t s  dém ontrent l e s  phases s ig n i f ia n t e s  de la  p ér io d e  i n i t i a l e  du 
développem ent de la  flamme, son in f lu e n c e  sur la  r a p id it é  de com bustion  
qui s ' e n s u i t ,  e t  l ' in f lu e n c e  d 'une géom étr ie  v a r ié e  sur la  com b u stion .
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INTRODUCTION
The q u est for  fu e l  economy w ith  m inim al exh au st e m is s io n s  has 
s tim u la te d  research  and developm ent o f  au tom otive  com bustion  cham bers. 
Compact, h ig h ly  tu r b u le n t, chambers w ith  sh o r t  flam e t r a v e l s  and 
a s s o c ia te d  high burning r a te s  have been d evelop ed  fo r  the com bustion o f  
lea n  m ixtures w ith  low c y c l i c  v a r ia t io n s  in  com bustion thus overcom ing the  
impairment o f d r i v e a b i l i t y . W h ilst f u e l  economy c o n t in u e s  to  be a prim ary  
c o n s id e r a t io n  in  the d e s ig n  o f e n g in e s , m anufacturers a l s o  need to  have 
data r e a d ily  a v a i la b le  on the perform ance o f t h e ir  e n g in e s  w ith  
a l t e r n a t iv e  f u e ls  in  p a r t ic u la r  the a lc o h o ls  and a lc o h o l  g a s o lin e  b len d s  
which some c o u n tr ie s  are in tr o d u c in g  in  an e f f o r t  to  reduce t h e ir  
dependence on im ported o i l .
In a s s e s s in g  the perform ance o f d i f f e r e n t  com bustion  chambers w ith  
both c o n v e n tio n a l and a l t e r n a t iv e  f u e l s ,  the a n a ly s t  needs to  be a b le  to  
e v a lu a te  the v a r io u s  param eters d e s c r ib in g  perform ance e a s i l y  from t e s t  
bed d a ta . T y p ica l param eters d e s c r ib in g  com bustion chamber perform ance  
which may be used fo r  com parative purposes are l i s t e d  in  T able 1. Hot 
w ire anemometer and la s e r  tech n iq u es  may be used to  d eterm in e lo c a l  f lu id  
v e l o c i t i e s  and tu rb u len ce  l e v e l s .  High speed  photography may be used to  
stu dy  flam e prop agation  r a t e s .  These m ethods are e x p e n s iv e  to  use and 
g e n e r a lly  req u ire  en g in e  m o d if ic a t io n s  such as f i t t i n g  qu artz  windows in  
c y lin d e r  heads or p is to n  crowns to  accommodate the p a r t ic u la r  tech n iq u e  i  
em ployed. The lo c a t io n  o f  probes may be r e s t r ic t e d  by en g in e  geom etry and 
in accu racy  o f measurements may be q u e stio n e d  because o f  the in tr u s io n  o f  
th e  probe in to  the a c tu a l f lo w , m o d if ic a t io n s  to  geom etry , and the need to  
c a l ib r a t e  fo r  t r a n s ie n t  p r e ssu r e s  and tem p e r a tu re s . Such tec h n iq u es  are  
co n sid ered  to  be b e s t  s u ite d  to  r e se a r c h  work. With p ro d u ctio n  e n g in e s  an 
in e x p e n s iv e  n o n - in tr u s iv e  com parative tech n iq u e  w ith  rap id  data r e d u c tio n  
i s  needed . Computer m odels o f en g in e  com b u stion , a lth o u g h  l im ite d  by 
t h e ir  p r e d ic t iv e  n a tu re , are r e la t iv e l y  in e x p e n s iv e  to  use in  a d ia g n o s t ic  
manner. The com bustion chamber perform ance param eters may be r a p id ly  
p r e d ic te d  from e a s i l y  acq u ired  e x p er im en ta l c y lin d e r  p r e ssu re  data w ith  
u se o f n o n - in tr u s iv e  p ressu re  tr a n sd u c e r s . Two co m p u ta tio n a l tec h n iq u es  
are in  g en era l u se . One i s  based on the summation o f in crem en ta l r i s e s  in  
p ressu re  caused by com bustion over each °CA ( a f t e r  R a s s w e ille r  and 
Withrow) and the second d e r iv e s  from the a p p l ic a t io n  o f the F ir s t  Law o f  
Thermodynamics to  the com bustion o f s u f f i c i e n t  f u e l  to  cau se  an in c r e a s e  
in  c y lin d e r  p ressu re  equal to  th a t measured e x p e r im e n ta lly  ( a f t e r  K rieg er  
and Borman). The former tech n iq u e  i s  i d e a l l y  s u ite d  fo r  u se  o n - l in e  w ith  
the m icrocom puters in  use fo r  data a c q u is i t io n  w hereas the l a t t e r  i s  a 
more com prehensive method more s u ite d  to  mainframe m ach in es.
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Table 1 Combustion chamber performance parameters
Param eter Requirem ent
I n i t i a l  flam e developm ent 
p eriod
M inim ise to  reduce spark advance 
needed fo r  b e st  torque and to  
i n i t i a t e  com bustion w ith  h ig h e s t  
p o s s ib le  unburnt gas tem p era tu re .
Mass burning r a te Maximise to  approxim ate to  c o n s ta n t  
volume com bustion o f O tto c y c le  
w ith ou t d e to n a t io n .
Mass f r a c t io n  burnt Maximise to  a c h ie v e  b e s t  f u e l  
economy and low hydrocarbon  
e m is s io n s .
C y c lic  d is p e r s io n  in  com bustion  
param eters
M inim ise to  m ain ta in  d r i v e a b i l i t y  
and reduce e ig h t - s t r o k in g  when 
burning lea n  m ix tu r e s .
E m ission s M inim ise CO, HC and NO  ^ e m iss io n s  
to  comply w ith  r e g u la t io n s .  For 
a lc o h o ls  reduce a ld eh yd e e m is s io n s .
COMPUTER MODELLING
The perform ance o f com bustion chambers has been e v a lu a te d  by th e  
p r e d ic t io n  o f h ea t r e le a s e  r a te s  from in d ic a to r  diagram s and p r e s s u r e -  
crank a n g le  d ata  fo r  a c o n s id e r a b le  t im e . E arly  m ethods u t i l i s e d  
in d ic a to r  diagram s to  determ in e the p o ly tr o p ic  in d ex  o f ex p a n sio n  and 
hence c a lc u la t e  th e  energy tr a n s fe r  during  a sm a ll change in  volume from
È3.
dv
Y~n
1 -r ( 1 )
R a ssw e ile r  and Withrow (1938 ) r e la te d  the summation o f th e  in crem en ta l 
r i s e  in  p r e ssu re  due to  com bustion over one degree o f crank a n g le  to  th e  
mass burning r a te  in  a c o r r e la t io n  o f  m otion p ic tu r e s  o f flam es w ith  
in d ic a to r  d iagram s. T his tech n iq u e  may be a p p lied  r e a d ily  to  the o n - l in e  
r e d u c tio n  o f ex p er im en ta l data  but i t  i s  l im ite d  to  the a n a ly s is  o f c y c le s  
in  which com bustion i s  com plete b e fo re  the exhaust v a lv e  o p en s, s in c e  th e  
mass f r a c t io n  burnt i s  assumed to  be u n ity  when the in c re m en ta l p r e ssu re  
r i s e  from com bustion becomes z e r o . With p a r t ia l  bu rn in g , com bustion  i s  
in co m p lete  and a more com prehensive computer model i s  n eed ed . Such a 
model has been d evelop ed  by K rieger  and Borman (1966 ) in  which the mass 
burning r a te  i s  c a lc u la te d  from th e a p p l ic a t io n  of the F ir s t  Law o f  
Thermodynamics to  the com bustion o f s u f f i c i e n t  m ixture to  cau se  an in c e a s e  
in  p ressu re  eq u a l to  th a t measured e x p e r im e n ta lly .
The model u ses  two zones; a burnt zone c o n ta in in g  a uniform  
co m p o sitio n  o f th e  p rod u cts o f com bustion and an unburnt zone c o n ta in in g  a 
homogenous m ixture o f  r e a c t a n t s .  Both zones are c o n s id e r e d  to  be a t the
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measured c y lin d e r  p r e s su r e . The thermodynamic p r o p e r t ie s  o f the two f u e ls  
used were d er ived  from the American Petroleum  I n s t i t u t e ’ s R esearch P r o je c t  
44 (1953 ) and the Thermodynamic P r o p e r t ie s  o f A lip h a t ic  A lco h o ls  (1 9 7 3 ).  
The e q u ilib r iu m  computer program o f  O lik ara  and Borman (1975 ) i s  used to  
d eterm ine the p r o p e r t ie s ,  and t h e ir  d e r iv a t iv e s ,  o f the products of 
com bustion in  the burnt zo n e . The h eat t r a n s fe r  r a te s  fo r  both zones were 
m odelled  on the e m p ir ic a l ly  d er iv ed  r e la t io n s h ip  o f Woschni (1 9 6 7 ) .
The tu r b u len t flam e sp eed , d e fin e d  as the ra te  o f p rop agation
r e la t iv e  to  the unburnt m ix tu re , i s  c a lc u la te d  u s in g  the geom etry o f a
s p h e r ic a l  flam e fro n t p rop agatin g  from the ig n i t io n  so u r c e .
The p rop agation  v e lo c i t y  o f the flam e r e la t iv e  to  the com bustion chamber 
i s  computed from the flam e ra d iu s
S -  -r^ (fla m e r a d iu s )  (3 )p dt
The exp an sion  v e lo c i t y  may then be e v a lu a te d  as
s_ = S -  S (4 )E p  T
Laminar flam e sp eed s are determ ined from the a d ia b a t ic  flam e tem p eratu res  
and unburnt gas tem peratu res fo r  m ethanol u s in g  the e m p ir ic a l r e la t io n s h ip  
d er iv ed  by Koda e t  a l  (1 9 8 2 ) . C o r r e c tio n s  were in c lu d ed  for  lean  
e q u iv a le n c e  r a t io s  and for  c y lin d e r  p ressu re  w ith  sim p le  power law 
r e la t io n s h ip s  q u a n tify in g  the dependence o f lam inar flam e speed as
DATA REDUCTION
T est data  were acq u ired  from two s in g le  c y lin d e r  en g in e s  a t the  
U n iv e r s ity  o f Surrey which had been con verted  from c o m p r e s s io n - ig n it io n  
en g in e s  to  s p a r k - ig n it io n  en g in e s  as part o f a c o n tin u in g  programme in  the  
com bustion of lea n  a lc o h o l m ix tu r e s . In the Farymann en g in e  the ' 
com bustion chamber was d iv id ed  w ith  a d is k  zone betw een the f l a t  toppeyi 
p is to n  and the f l a t  c y lin d e r  head, and an o f f s e t  16 mm ra d iu s s p h e r ic a l  
tu rb u len ce  g e n e r a tin g  pre-cham ber conn ected  to  the main chamber by a 15 mm 
diam eter p o r t . The second en g in e was based on a F e t te r  BA a ir  co o le d  
e n g in e . Two d e s ig n s  o f com bustion chamber were s tu d ie d ;  a c o n v e n tio n a l  
d isk  shape between the f l a t  p is to n  and f l a t  head, and compact tu r b u le n t  
chamber in  which an o f f s e t  c y l in d r ic a l  r e c e s s  was machined In to  the p is to n  
crown below the exhaust v a lv e .  The l a t t e r  was thought to g iv e  some of the  
b e n e f i t s  cla im ed by May (1979) fo r  the F ir e b a ll  chamber but w ith ou t the  
com p lex ity  of a r e ce sse d  v a lv e  chamber in  the head. Further data was 
k in d ly  su p p lied  by BP R esearch C entre from a R icardo E6 v a r ia b le  
com pression  en g in e f i t t e d  w ith  a standard f l a t  c y l in d r ic a l  com bustion  
chamber and su b seq u en tly  w ith  a tu r b u len t bowl in  the p is to n  crown.
1)4,6
T able 2 Engine Data
Engine I I I I I I
Make Farymann F e t te r  BAl R icardo E6
Combustion chamber D ivided chamber Open d is k  or  
compact in  
p is to n  crown
Standard d is k  
or bowl in  
p is to n  crown '
Bore s tr o k e  mm 90 X 110 8 8 .9  X 9 2 .1 76 X 111
Com pression r a t io 9:1 and 12:1 12:1 10 .1
Speed rev/m in 1000 1500 1000
Timing
»
15® BTDC 20®BTDC MBT
A irflow  kg/h 11.9 9 .8 1 4 .7
C ylinder p r e ssu re s  in  e n g in e s  I and I I  were measured a t  each degree o f  
cra n k -a n g le  u s in g  a K is t le r  7055B p i e z o e l e c t r i c  p r e ssu re  tra n sd u cer  and 
a s s o c ia te d  5077 charge a m p li f ie r .  The an alogu e s ig n a l  from th e charge  
a m p lif ie r  was con verted  to  a 1 2 - b it  d i g i t a l  s ig n a l  in  a 40kHz a n a lo g u e -to -  
d i g i t a l  c o n v e r te r , which was c lo ck ed  from TTL en cod ers f i t t e d  to  th e  
cam shaft o f en g in e  I  and the cra n k sh a ft o f  e n g in e  I I .  The t e s t  d a ta  was 
acq u ired  u s in g  a m icrocom puter system  based on a Z80A c e n tr a l  p r o c e sso r  
u n it  and a dual 5 1 /4 " , 700 kByte flo p p y  d is k  d r iv e .  S oftw are fo r  the data  
a c q u is i t io n  system  was w r itte n  in  m lc r o so ft  MACRQ-80 w ith  su p p o rtin g  CP/M 
so ftw a r e . F i le  t r a n s fe r  packages were a l s o  w r it t e n  to  t r a n s f e r  t e s t  data  
s to r e d  on flop p y  d isk  to  the U n iv e r s i t y ’ s Prime mainframe com puters fo r  
subsequent r e d u c tio n .
R eduction  o f the e x p e r im e n ta lly  acq u ired  p r e ssu re  d ata  produces  
r e s u l t s  t y p if ie d  by the burning cu rves o f f ig u r e  1 and the flam e  
p rop agation  v e lo c i t y  graph o f f ig u r e  2 . The computed r e s u l t s  fo r  both  
f ig u r e s  were taken from the tu rb u len ce  g e n e r a tin g  d iv id e d  com bustion  
chamber of en g in e  I -  the mass burning cu rves fo r  a le a n  is o - o c ta n e  m ixture  
($ -  0 .7 )  and the flam e p rop agation  speed fo r  a m ethanol m ixture w ith  an 
e q u iv a le n c e  r a t io  o f 1 .0 .  Both t e s t s  were a t  a com p ression  r a t io  o f 9 :1 .
CYCLIC VARIATIONS
C y c lic  v a r ia t io n s  in  com bustion s i g n i f i c a n t l y  in f lu e n c e  d r i v e a b i l i t y  
and are more p r e v a le n t in  the lea n  burning reg im e. The a n a ly s is  o f  
in d iv id u a l  burning c y c le s  showed c y c l i c  v a r ia t io n s  in  burning r a te  as 
m ixture s tr e n g th s  were weakened to  the lea n  m is f ir e  l i m i t .  The in d iv id u a l  
c y c le s  recorded in  th e se  t e s t s  were c l a s s i f i e d  in t o  f i v e  c a t e g o r ie s  which 
were c h a r a c te r is e d  b y ;-
A.
B.
Normal combustion with a short delay period, high 
burning rate and complata. combustion at EVO*
As in A above but with a reduced burning rate.
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c .  P a r t ia l  burning a t  a low r a te  and flam e e x t in c t io n
b efo re  EVO.
D. C y c les  in  which the e s ta b lish m e n t o f the flam e k e r n e l
ta k es a c o n s id e r a b le  tim e, r e s u l t in g  in  long d e la y  
p e r io d s  and low burning r a t e s .
E. E ig h t - s t r o k in g .
The a n a ly s is  o f 152 in d iv id u a l  c y c le s  w ith  low e q u iv a le n c e  r a t io s  fo r  two 
d if f e r e n t  f u e l s ,  i s o - o c ta n e  and m ethanol, recorded  on en g in e  I  are shown in  
ta b le  3 below . With m ethanol th e  in c id e n c e  o f m is f ir in g  was reduced a t  
eq u iv a le n c e  r a t io s  le a n e r  than th o se  fo r  i s o - o c t a n e .
Table 3 In c id en ce  o f  c y c le  typ es
Fuel is o - o c ta n e m ethanol
Com pression r a t io 9:1 9:1
E q u iva len ce  r a t io 0 .7 5  -  0 .8 5 0 .6 0  -  0 .7 5
Number of c y c le s 64 88
P ercen tage A 2 5 .0 3 9 .8
o f c y c le  B 3 7 .5 3 0 .7
type C 0 5 .7
recorded D 1 2 .5 1 1 .4
E 2 5 .0 12 .4
COMBUSTION CHAMBER GEOMETRY
D if fe r e n t  com bustion chamber d e s ig n s  may be r e a d ily  compared u s in g  
d ia g n o s t ic  m o d e llin g . The in f lu e n c e  o f in c o r p o r a t in g  i n l e t  s w ir l ,  by use  
o f  a shrouded i n l e t  v a lv e ,  to g e th e r  w ith  a com parison betw een a stan dard  
c y l in d r ic a l  com bustion chamber and a h ig h ly  tu r b u len t bowl in  the p is to n  
crown, i s  e x e m p lif ie d  by the graph o f maximum burning r a te  a g a in s t  10% burn 
tim e in  f ig u r e  3 taken from en g in e  I I I .  The maximum burning r a te  was about 
44% h igh er  w ith  the in c r e a se d  tu rb u len ce  o f the bowl in  p is to n  d e s ig n . The 
i n i t i a l  period  o f flam e p r o p a g a tio n , here q u a n t if ie d  as the 0-10% burn 
tim e, was reduced by 5.4%. The a d d it io n  o f  a shroud to  th e  i n l e t  v a lv e  
reduced the p eriod  o f flam e developm ent and in c r e a se d  the maximum burning  
r a te  by 80% fo r  the stan dard  com bustion chamber and by 34% in  the c a se  o f  
the bowl in  p is to n  d e s ig n .
FUEL TYPE
T his i s  p a r t ic u la r ly  p e r t in e n t  today as th e re  i s  a trend  towards w ider  
f u e l  s p e c i f ic a t io n s  and th e  in tr o d u c t io n  o f a l t e r n a t i v e s .  The perform ance  
o f  the d iv id ed  com bustion chamber with methanol mixtures was compared with 
that of the base-line fuel, iso-octane, in figure 4. Mean values of the 
maximum mass burning rate for 16 consecutive cycles was plotted against the 
equivalence ratio as the mixture strength was weakened. The results 
indicate the higher burning rates obtained with the combustion of methanol 
mixtures and the degree to which the equivalence ratio could be weakened 
below that for iso-octane before cyclic variations made stable operation 
impossible.
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INITIAL FLAME DEVELOPMENT
The c h a r a c t e r i s t ic s  o f i n i t i a l  flam e developm ent are im portant as they  
have a d ir e c t  b earin g  on sub seq u en t p r o p a g a tio n . The a p p l ic a t io n  o f  th e  
d ia g n o s t ic  en g in e  computer model to  th e  a n a ly s is  o f i n i t i a l  flam e  
developm ent in  en g in e  I when burning lea n  m ethanol m ix tu res was rep o r ted  by 
the au th ors (1 9 8 5 ) . The computed cu rves o f flam e p rop agation  v e lo c i t y  and 
mass f r a c t io n  bu rn t, t y p i f ie d  in  f ig u r e  2 , e x h ib ite d  the four d i s t i n c t  
f e a tu r e s  d e sc r ib e d  below .
A. A p er iod  o f  heat t r a n s fe r  im m ediately  fo llo w in g  spark d isc h a r g e
during which the c y l in d r ic a l  column o f gas between the e le c tr o d e s
was h eated  to the s e l f - i g n i t i o n  tem perature.^
The heat tr a n s fe r  period  was r e la te d  to  the lam inar flam e speed w ith  an 
in v e r s e  power law , the in d ex  o f which was a fu n c tio n  o f com p ression  r a t i o .
B. In sta n ta n eo u s  s e l f - i g n i t i o n  o f the c y l in d r ic a l  column w ith  a
co r re sp o n d in g ly  h igh  in s ta n ta n e o u s  v a lu e  o f flam e p ro p a g a tio n
t  v e lo c i t y .
The h igh  in s ta n ta n e o u s  v a lu e  o f  flam e p rop agation  v e l o c i t y ,  r e s u l t in g  from  
the ’ e x p lo s io n ' o f the unburnt gas between the e le c t r o d e s ,  v a r ie d  from  
35m/s w ith  s to ic h io m e t r ic  m ix tu res  to  18m/s fo r  m ixture s tr e n g th s  
approaching the lean  m is f ir e  l i m i t .
C. A p er iod  during which the flam e k e r n e l was c o n s o lid a te d  and
e s t a b l i s h e d .  Here unburnt gas was en tra in e d  in to  the sm a ll  
expanding k e r n e l w ith  a c o o lin g  a c t io n  th a t r e s u lt e d  in  a d e c r e a se  
in  the v a lu e  o f p rop agation  v e lo c i t y  w ith  t im e . Quenching cou ld  
occur i f  the en tra in m en t r a te  c o n tin u o u s ly  exceeded  th e  burning  
r a te .
The computed r e s u l t s  dem onstrated  an in v e r s e  r e la t io n s h ip  between  
prop agation  v e lo c i t y  and tim e during t h is  phase o f flam e develop m en t.
D. E sta b lish m en t o f a s e lf -p r o p a g a t in g  tu r b u len t flam e w ith  an
a c c e le r a t in g  flam e f r o n t .
With s to ic h io m e tr ic  m ix tu res the o n se t  o f an a c c e le r a t in g  flam e fr o n t  was 
c le a r ly  d is c e r n a b le  but w ith  lea n  m ixtures i t  was d i f f i c u l t  to  s p e c i f y  the  
e x a c t p o in t a t which the flam e cou ld  be s a id  to  be e s t a b l i s h e d .  For t h is  
reason a d e f in i t io n  o f 1% burnt was ad op ted . The v a r ia t io n  in  t o t a l  p er io d  
o f flam e e s ta b lish m e n t w ith  lam inar flam e speed  fo r  en g in e  1 burning
m ethanol w ith  com pression  r a t io s  o f 9:1 and 11:1 i s  shown in  f ig u r e  5 .
T h is c h a r a c t e r i s t ic  was found to  be r e p r ese n te d  by
where n was e v a lu a te d  as a fu n c tio n  o f com p ression  r a t io
n * 0 .2 2  Ç -  3 .0  (7 )
INFLUENCE OF INITIAL FLAME DEVELOPMENT AREA
The im portance o f the b ehaviour o f the spark ig n i t i o n  flam e d u rin g  the  
i n i t i a l  s ta g e s  o f flam e developm ent i s  th e  s u b je c t  o f c u rren t r e s e a r c h .
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de S o ete  (1983) s ta te d  t h a t ,  'The subsequent flam e p r o p a g a tio n , during  
which the major p o r tio n  o f the f u e l  i s  b u rn t, depends s u b s t a n t ia l ly  on the  
t r a n s ito r y  p er iod  during which the flam e k e r n e l i s  b e in g  e s t a b l i s h e d ' .
T his phenomenon was e x e m p lif ie d  in  th e se  t e s t s  by the e x is t e n c e  o f  
In d iv id u a l c y c le s  in  which a lo n g  d e la y  p er iod  r e s u lt e d  in  low burning  
r a te s  -  type D c y c le s -  The in f lu e n c e  o f the d e la y  p er io d  on the maximum 
burning r a te s  computed fo r  in d iv id u a l  c y c le s ;  u s in g  m ethanol in  th e  le a n  
burning regim e a t a com pression  r a t io  o f  9:1 may be seen  in  F ig .6 . The 
h igh  maximum burning r a t e s ,  a s s o c ia te d  w ith  com p lete  com b u stion , r e s u lt e d  
from a sh ort d e la y  p e r io d . The i n i t i a l  developm ent o f th e  flam e k e r n e l was 
more rapid  w ith  lea n  m ethanol m ix tu res than w ith  lea n  is o - o c t a n e  m ix tu res  
and maximum burning r a te s  were c o r re sp o n d in g ly  h ig h e r  w ith  m ethanol a t  
about 5.5%/*CA fo r  flam e e s ta b lish m e n t  p e r io d s  o f  10 to  15° CA.
CONCLUSIONS
D ia g n o s t ic  en g in e  com bustion m odels may be used r e l a t i v e l y  
in e x p e n s iv e ly  to  p r e d ic t  com bustion perform ance param eters from r e a d ily  
acq u ired  c y lin d e r  p r e ssu re  d a ta . Computer d a ta  a c q u is i t io n  system s need  
not be s o p h is t i c a t e d .  M icrocomputer based CPUs and f lo p p y  d isk  system s are  
adequate fo r  t h is  purpose. The p r e ssu re  increm ent tec h n iq u e  i s  s u i t a b le  
fo r  use d i r e c t ly  on m icrocom puter system s but f i l e  t r a n fe r  packages to  
mainframe com puters are needed fo r  the e q u ilib r iu m  th eo ry  a n a ly s i s .  T e s ts  
undertaken on th ree  e n g in e s , w ith  is o - o c ta n e  as a b a s e l in e  f u e l  and  ^w ith  * 
m ethanol, dem onstrated  th a t  h ig h er  burning r a te s  and s h o r te r  p e r io d s  o f  
i n i t i a l  flam e developm ent are p o s s ib le  w ith  in c r e a se d  l e v e l s  o f tu r b u le n c e .  
S ta b le  o p e r a tio n  cou ld  be exten d ed  fu r th e r  in t o  th e  le a n  burning regim e  
u sin g  compact com bustion chambers p a r t ic u la r ly  w ith  a lc o h o l  f u e l .
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Fig 1 Typical m o s s  burning cu rves
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SYNOPSIS
The paper begins by examining the reasons for 
using alcohol fuels as a replacement for 
petroleum-derived fuels. The wide range of 
sources of alcohols enable most nations to 
undertake production of indigenous supplies. In 
general alcohols are excellent fuels for the 
spark-ignition engine of traditional design. Alcohol 
is quite unsuited in combustion properties for the 
more efficient unthrottled compression-ignition 
(diesel) engine. The reasons for this are explained 
and various means of overcoming the problems 
are outlined -  additives for cetane improvement, 
a lc o h o l-d ie s e l  e m u ls io n s ,  dual in jec t io n ,  
fumigation, surface ignition and spark ignition. In 
each case the practical drawbacks as well as the 
benefits are discussed. Finally some conclusions 
are drawn about the potential for alcohol-fuelled 
diesel engines ba^ed on the authors' studies and 
experimental work.
INTRODUCTION
The versatility of oil has made it an attractive fuel 
for industry and transport. It is, however, a finite 
resource that is becoming increasingly more  
difficult and more expensive to find. Whilst many 
varied estimates of the life of the world's oil 
resources have been made, it is generally agreed 
that by the end of this century oil supplies will 
approach a critical level. Severe restrictions will 
be placed on the use of oil and prices are forecast 
to rise significantly above those of today .in real 
terms. Whilst it is possible to employ alternative 
sources of energy such as nuclear power, wind  
and solar energy and coal in static industries and 
domestic applications, transport will remain 
dependent on liquid fuels which have a high 
specific energy content, are readily transportable  
and easily stored.
Alcohol fuels, either methanol produced from  
natural gas deposits or ethanol produced by 
fermentation and distillation of biomass, are 
recognized as attractive alternatives to oil derived  
fuels for automotive and truck engines [1, 2]. 
There is currently a world surplus of methanol but 
production costs per energy unit exceed those for 
petroleum fuels. Other considerations such as the  
estab lishm ent of a lternative  fuel supplies  
strategically independent of imported oil or 
environmental legislation on engine emissions  
may accelerate the introduction of alcohol fuels. 
Ethanol from biomass is particularly suited to 
localized production and immediate use in engines 
th e re b y  a llev ia t ing  the need to d eve lo p  
sophisticated distribution systems in remote  
areas. The potential is high with conversion rates 
of up to 40 t of alcohol per annum from each 
hectare. Problems of quality control w ith  small 
scale production could, however, lead to poor 
engine performance and reduced reliability 
especially with fuel injection equipment.
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The introduction of alcohol fuels on a large 
scale gives rise to the proverbial "chicken and egg 
syndrome". The fuel supplies and the requisite 
technology exist but distribution systems need to 
be developed at exactly the same time as the 
markets are penetrated with alcohol compatible  
engines. Is the supply infrastructure to be 
installed first in anticipation of the market 
potential or are alcohol fuelled engines to be 
introduced before fuel supplies are established on 
a w ide  scale? Possible answ ers to this 
fundamental question include the increasing use 
of alcohol-gasoline blends, the production of 
engines with a multifuel capability, and large scale 
fleet operations or mass transit systems with  
limited fuel distribution points.
Both methanol and ethanol have high octane 
ratings (RON), 114 and 111 respectively and are, 
th e re fo re ,  w e l l  su ited for use in high- 
compression, spark-ignition engines. These two  
oxygenate fuels can be used directly as a fuel, as 
an octane booster in place of lead or mixed with  
gasoline to extend oil reserves. Environmental 
pressures to eliminate lead in gasoline may well 
provide the stimulus required to increase 
methanol production for the introduction of 
gasoline-alcohol blends on an economic scale. 
Ethanol, produced locally from corn, is already 
blended with gasoline in mid-west states in the  
US in proportions up to 15%  while the use of 
ethanol from sugar cane in Brazil has been widely  
publicised. There do not appear to be any 
unsurmountable engineering problems to* be 
overcome for the introduction of alcohol fuels in 
automotive spark-ignition engines. Compression 
ratios should be raised to take advantage of higher 
RON in providing higher efficiency. Metallic 
components exposed to alcohol fuels need to be 
nickel plated to resist corrosive attack. Some 
types of rubber and plastic components need to 
be replaced with alcohol resistant materials. 
Increased cylinder wear resulting from washing 
the lubricating oil film from cylinder walls by 
alcohol liquid and poor cold starting performance 
in severe climatic conditions have been identified 
as the main engineering problems.
DIESEL ENGINES
In the case of considering the diesel engine, 
however, both methanol and ethanol are not 
attractive fuels for compression ignition. The 
quality of ignition for diesel engine fuels is 
defined by the cetane number. This is a measure 
of the delay period between the start of injecting 
fuel and ignition of the atomized fuel spray by the 
high temperatures produced in the air charge 
through high compression ratios (Figure 1). For 
good combustion this delay needs to be very 
short. Typically the quality of high-speed diesel 
engine fuels is maintained with cetane numbers in 
the range 5 0 -5 6  in the UK. In other countries
cylinder pressure  
com p ress ion
top dead centre
expansion
start o f  
fuel injection
ignition delay
crank angle
com bustion
Figure 1 Stages of diesel engine combustion.
diesel engines are run on degraded fuels with  
cetane numbers as low as 37. W ith  low cetane 
numbers the delay period is long. This results in 
the accumulation of a large volume of unburnt fuel 
in the cylinder before ignition occurs. Combustion 
is rapid and uncontrolled with high rates of 
pressure rise. Pistons are exposed to excessive 
stresses at high temperature which results in 
erosion problems on piston crowns. Noise levels, 
the characteristic diesel knock, are increased and 
performance deteriorates. With cetane numbers  
below 30 the diesel engine will not run without 
aids to initiate ignition or additives to improve the 
cetane number. Oxygenate fuels have cetane 
numbers very much lower than that at the 
compression-ignition limit of 30. In the case of 
methanol the cetane number is 3. Alcohol fuels 
are unsuitable for use in diesel engines without 
ignition-enhancing devices or cetane number- 
improving additives.
It has been suggested, however, that cetane  
number, while being an effective criterion for the 
comparison of traditional hydrocarbon fuels, is not 
appropriate as a means of judging alternative 
fuels. A wide range of alternative fuels, especially 
vegetab le  oils, is under consideration as 
substitutes for gas oil and it seems right to ask 
now whether cetane number can remain as the 
best assessment of these. A parallel problem has 
been experienced with spark-ignition fuels. 
Unleaded fuels of octane number equal to that of 
leaded gasoline are seen to have inferior 
combustion characteristics on-the-road.
The apparent variation in the characteristics of 
fuels for compression-ignition engines may be 
because of the differences in the contribution of 
the two phases of the ignition delay. The first is a 
physical process -  the heating of fuel droplets and 
subsequent evaporation. This is sensitive to the 
air temperature towards the end of compression, 
droplet size and distribution and the presence and
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position of hot surfaces in the chamber. This is 
modified mainly by design-geometry, materials 
(e.g. insulation in limited-cooled engines) and 
turbocharging. The second phase is chemical and 
is more directly controlled by the chemical 
kinetics of the reactions involved. Both phases, of 
course, are heavily dependent upon the properties 
of the fuel itself.
The diesel engine is inherently more efficient 
than its spark-ignition counterpart. Power is 
controlled in the diesel by varying the fuel-to-air 
ratio rather than by throttling the mixture in the 
inlet manifold as in the spark-ignition engine. As a 
consequence the diesel engine has found 
widescale applications in both static installations 
and transportation. It is considered to be the most 
economic engine for future use especially when  
fuel prices are forecast to rise significantly as oil 
reserves are depleted. It has been acknowledged 
by many informed researchers that the problem of 
igniting low cetane number alcohol fuels will need 
to be addressed  b e fo re  any successfu l  
programme of distribution alternative fuels can be 
introduced on a wide scale. Current research and 
developm ent work is directed at several 
techniques to reduce the ignition delay -  notably 
cetane  improving additives, d iesel-a lcohol  
emulsions, dual injection, fumigation, surface 
ignition glow plugs and spark assistance.
CETANE NUMBER IMPROVERS
The key to successful operation of diesel engines 
on alcohol fuels lies in reducing the long ignition 
> delay period associated with these fuels to times  
com parable  w ith  those  for good quality  
automotive gas oil (AGO). That is improvement of 
the cetane number. Commercially available 
ignition improvers, such as ethyl D113 and 
cyclohexylnitrate, have been formulated for 
addition to AGO to increase the cetane number. 
These are suitable as additives for both ethanol 
and methanol. O ther compounds currently  
receiving attention, particularly with ethanol, are 
the nitrate esters, triethyleneglycol dinitrate 
(TEGON) and tetrahydrofurfuryl nitrate (THEN). 
The ignition performance of these improved 
alcohols is comparable with that for AGO at high 
compression ratios but deteriorates more rapidly 
than that for AGO as the compression ratio is 
reduced. The main advantage in using ignition 
improving additives is that alcohol fuels can be 
used in unmodified engines. However the serious 
disadvantage is that the quantity of additive 
required can be as high as 15%  by volume thus 
making cetane number improved alcohol fuels an 
uneconomic proposition at today's prices.
EMULSIONS
Alcohols can be mixed w ith  diesel oil. 
Substitutions of up to 2 0 %  alcohol by volume are 
possible before the specific fuel consumption of
the diesel engine is impaired. The alcohol can be 
held suspended in the oil in the form of 
sub-micron sized droplets to make an emulsion, 
but these two fuels tend to separate and 
alcohol/d iesel oil emulsions are unstable. 
Unstable emulsions may be used economically in 
large installations w here it is possible to store the 
two components in separate tanks and to mix 
them in the correct proportions immediately 
before injection. These emulsions can be made 
stable with the addition of surfactants but fuel 
costs will be increased with the addition of a third 
component. The main problem here is the strong 
affinity of alcohol for water. If w ater contaminated 
fuel is allowed to enter fuel metering and fuel 
injection equipment excessive corrosion occurs 
thereby severely affecting reliable operation. 
Purging fuel systems by running on diesel oil only 
before shutting the engine down reduces 
corrosion and aids cold starting.
DUAL INJECTION
Higher proportions of alcohol, up to 95%  [3], may 
be substituted using dual injection systems 
(Figure 2). Combustion is started with a pilot 
injection of diesel oil before a larger quantity of 
alcohol is injected through the main injector 
nozzle. The pilot injection acts as an ignition 
source for the alcohol fuel. Whilst mixing and 
separation problems associated with emulsions  
are eliminated, use of a dual injection system  
requ ires  exp e n s iv e  en g in e  m o d if ic a t io n s .  
Complex fuel control systems are needed to 
m eter and time tw o  separate fuel flows  
accurately. The volume of alcohol injected is 
about tw ice that for diesel oil as the alcohols have 
specific energy content of about one-half that of 
conventional diesel fuels. Injection and fuel 
metering equipment thus has to be specifically 
designed to match the increased volumetric fuel 
flowrate. Additives are also required in alcohol 
fuels to lubricate pump plungers and injector
alcohol fuel injector pilot oil injector
Figure 2 Dual Injection Into piston bowl.
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needles to ensure a satisfactory life between  
services. Degummed castor oil has been used 
successfully as a lubricating additive in ethanol; 
about 1 % by volume. This is an expensive additive 
and high quality castor oil is in short supply. The 
authors currently use castorene as a suitable 
alternative.
FUMIGATION
In the fumigation technique alcohol fuel is 
introduced into the engine with the intake air. Two  
techniques are currently in use -  the injection of 
alcohol into the turbocharger diffuser scroll 
(Figure 3) and the use of a carburettor in the air 
intake. Both techniques require less engine 
modification than with dual injection systems and 
are suited to retrofitting. Limitations in physical 
space may also preclude fitting dual injectors into 
existing cylinder head designs. The amount of 
alcohol substitution is limited to about 50%  by 
detonation of the air-fuel mixture; "knock" [3].
Accurate control of the alcohol flow is needed  
especially when running on light loads to prevent 
misfiring and at high loads to reduce knocking.
alcohol fuel injector
scroll
compressor
rotor
Figure 3 Fumigation in turbocharger.
The ignition delay period is increased with 
fumigation and combustion shifts significantly 
into the expansion stroke. The air charge is 
reduced owing to the inclusion of alcohol and the 
maximum power output is, therefore, reduced 
below that for diesel fuel only. Turbocharger 
compressors are subjected to erosion by the 
impinging fuel droplets with this technique.
GLOWPLUGS
Alcohol fuels have a poor resistance to ignition on 
hot surfaces. For methanol the surface ignition 
resistance (SIR) is zero compared with 100 for 
iso-octane. Whilst this can have detrimental 
effects in carburetted engines, such as pre­
ignition of the mixture before spark discharge or 
running on when the ignition is turned off, surface 
ignition can be used to ignite injected alcohol fuel 
sprays in diesel engines (Figure 4). Complete  
substitution of diesel Oil with either methanol or 
ethanol is possible using surface ignition. At 25 
bar a surface temperature of about 825°C will 
ignite an atomized methanol spray in the time 
scale required for high speed diesel engines. The 
ignition delay period can be reduced with  
increased surface temperatures up to 975°C. 
Below 725°C combustion may be erratic with  
large cycle-to-cycle variations and below about 
675°C surface ignition of methanol is not possible.
The glow plugs normally used to improve cold 
starting in diesel engines can be utilized as hot 
surfaces to ignite alcohol fuels. The injector 
position is important.' It should ’Be located ahead 
of the glow plug in the direction of swirl to
alcohol fuel injector
pre—chamber
glow plug
Figure 4 Glow plug ignition.
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prevent fuel droplets from impinging directly on to 
the glow plugs. Quenching on glow plugs can 
result in loss of ignition. At full load metal 
temperatures may be sufficiently high to ignite 
the fuel without using glow plugs. Engines not 
already equipped with starting glow plugs would  
not all have a convenient space for access to the 
combustion chamber.
SPARK ASSISTANCE
Spark-ignition of alcohol fuels in unthrottled diesel 
engines offers an attractive method for the 
complete substitution of diesel oil with alcohol 
(Figure 5). Positive ignition ensures minimal 
ignition delay periods and results in smooth 
combustion. Diesel engines with high swirl 
combustion chambers machined into piston 
crowns or those with turbulence prechambers are 
ideally suited to the combustion of lean alcohol 
mixtures by spark-ignition. Conversion to spark 
ignition need not be prohibitively expensive. 
Electronic ignition systems, driven from a bottom  
d ead  c e n t r e  c a m s h a f t  m a r k e r  th ro u g h  
programmable integrated circuits can be readily 
installed without major engine modifications. 
Space is required in the cylinder head to install a 
spark plug although those designed for glowplugs 
are readily adaptable. The original fuel injection 
equipment could be retained but the maximum  
power output would be reduced due to the lower 
specific energy content of alcohol fuels. Ideally 
higher capacity fuel pumps and injector nozzles 
need to be fitted. The alcohol fuelled diesel 
engine is not smoke limited and engine torque can 
be increased at slow speeds. Injection timings 
need to be advanced over those for diesel fuel to 
allow sufficient time for vapourized fuel to reach
spark plug alcohol fuel injector
piston
Figure 5 Spark assisted diesel.
the spark plug. Multi-strike capacitive discharge 
ignition systems have been used successfully in 
alcohol fuelled diesel engines. Spark discharge 
durations of 50 degrees of crank angle were used 
to ensure ignition over a wide range of speeds and 
loads. It is this approach which the authors are 
pursuing in a current project [4]. Conventional 
automotive single spark ignition systems have 
also been installed on a methanol injected engine. 
In this case the spark advance was limited by 
detonation of the fuel air mixture.
As an alternative solution carburettors or port 
injectors can be used instead of in-cylinder 
injection in spark-ignited diesel engines burning 
100% alcohol fuels. The high compression ratios 
result in thermal efficiencies higher than in the 
conventional spark ignition engine and the 
turbulent combustion chambers associated with  
diesel engines are suited to stable operation with  
alcohol fuels well into the lean burning regime. 
However control of power output by throttling the  
intake mixture in these engines results in reduced 
efficiency at part load.
CONCLUSIONS
The concept of a world-wide fuel as enjoyed with  
oil will no longer be valid as oil resources are 
depleted and fuel prices " take-off" . Different
solutions to the transport fuel problem will be 
adopted by each nation depending on its
indigenous supplies of raw materials. Ethanol 
fuels are suited to local production and use In 
countries with sufficient agricultural capacity. 
Methanol will find increasing use in countries with  
large natural gas or coal deposits. Engine
manufacturers will need to know how their
products operate on a variety of alternative fuels. 
The varied techniques available to reduce the 
ignition delay period in diesel engines when using 
alcohol fuels ensure their continued application as 
an economic source of power in the future. 
Considerable advantage in world markets will 
accrue to the manufacturers of those engines 
with the most versatile combustion systems.
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SUMMARY
Whilst ethanol is well suited to use in spark-ignition engines, 
its low cetane number makes this alternative fuel unsuitable for 
direct use in compression-ignition engines. Various techniques 
are in use to initiate combustion of ethanol in diesel engines. 
One such technique, which is relatively inexpensive, is to convert 
the diesel to spar tk-ass is tance. This paper describes the
conversion of a typical small scale power unit, the Fetter PHI 
air-cooled diesel, which is in widespread use throughout the 
world.
1. Introduction
The development of alternatives to petroleum derived fuels for 
reciprocating engines became^ an attractive proposition for oil 
importing countries following the OPEC price rises of the early 
1970s and the escalation of oil prices as a consequence of the 
Iran-Iraq conflict. The urgency to diversify fuels has been 
reduced substantially following the recent dramatic falls in the 
price of crude oil. However, development of alternatives remains 
a valid proposition particularly in developing nations where 
indigenous sources of fuel could reduce adverse oil balance of 
payments. Alcohols, either methanol produced from natural gas, or 
ethanol produced from fermentation of biomass and distillation, 
are recognised as alternative fuels for spark-ignition and diesel 
engines. Both have high octane numbers and are, therefore, well 
suited for use in spark-ignition engines. These oxygenates have 
cetane numbers much lower than that of about 30 which is 
considered to be the limit for compression ignition. Alcohol 
fuels are thus unsuitable for direct use in diesel engines. 
Ignition enhancing devices or additives to improve the cetane 
number are required for satisfactory operation.
The diesel engine is inherently more efficient than its spark- 
ignition counterpart. Power is controlled by varying the fuel-to- 
air ratio rather than by throttling the mixture in the inlet 
manifold as is the case in spark-ignition engines. As a
consequence the diesel has found widespread applications,
particularly as a small power unit in rural locations. The
problem of increasing the diesel engine's fuel tolerance
especially in relation to alcohol fuels, which may be available 
locally, needs to be resolved. This paper describes the
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conversion of a Fetter PHI engine, typical of those in widespread 
use throughout the world, to spark-assistance for use with 
ethanol.
2. Ignition Techniques
Various techniques are available to reduce the delay period 
between injection and ignition by compression in diesel engines. 
Commercially available ignition improvers, such as ethyl DII3 and 
cyclohexylnitrate, have been formulated for addition to automotive 
gas oil to increase the cetane number. Both are suitable 
additives for cetane improvement in alcohol fuels. Other 
compounds receiving attention for use with ethanol include 
triethyleneglycol dinitrate (TEGON) and tetrahydrofurfury1 nitrate 
(THEN). The main advantage in using additives is that the 
alternative fuels may be used dirpctly in unmodified * engines. 
However, the serious disadvantage is that the quantity of 
expensive additive required can be as high as 15% by volume. This 
technique may thus be uneconomic, especially if the cetane 
enhancing compounds need to be imported.
Retention of the diesel oil injection equipment, as a pilot system 
to initiate combustion, is an alternative technique. The main 
charge of alcohol may be injected directly into the combustion 
chamber once ignition has conmenced or introduced into the air 
inlet through use of a carburettor or manifold injector 
(fumigation). The volume of alcohol injected is about twice that 
of conventional diesel oil. The oxygenate fuels have specific 
energy contents of about one-half that of diesel fuels. Injection 
and metering equipment need to be uprated to match the increased 
flow rate. Adoption of a dual fuel system requires extensive 
modification to the engine and the installation of a complex 
control system to accurately meter and time two separate fuel 
flows. The fumigation technique needs less modification of the 
engine and is well suited to retrofitting. Knock considerations, 
however, limit the amount of alcohol substitution to about 50%. 
Accurate control of the alcohol flow is required especially when 
running lightly loaded, to prevent misfiring, and also at high 
loads to reduce knock.
Alcohols have a poor resistance to ignition on hot surfaces. At 
25 bar a surface temperature of about 825 will ignite an 
atomised spray of ethanol in the timescale needed for use in high 
speed diesels. The glow plugs, which are normally used to improve 
cold starting, can be used to good effect to ignite alcohol 
fuels. This is an attractive technique for burning alcohols in 
diesel engines fitted with electrical systens and glow plugs.
The high swirl and high squish combustion chambers machined into 
piston crowns or turbulence generating pre-chambers in diesel 
engines are ideal for promoting combustion of lean mixtures by 
spark-ignition. Positive ignition ensures optimisation of delay 
periods. Spark assistance in unthrottled diesel engines is 
considered to be a viable alternative technique for the complete
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substitution of gas oil with alcohol. Conversion to spark- 
ignition need not increase the technical complexity of the diesel 
unduly or be prohibitively expensive. Electronic ignition 
systems, driven from single bottom-dead-centre markers on the 
flywheel through robust TTL circuitry, are commercially 
available. These can be easily installed without major 
modification to the engine. The main problem with existirg 
designs is that of finding sufficient space in the cylinder head 
to locate the spark plug.
3. ENGINE CONVERSION
A Fetter PHI single cylinder, air cooled, diesel engine was 
selected for conversion to burn alcohols with spark assistance. 
This engine was considered to be typical of those used throughout 
the world for small scale power generation and pumping duties. 
Originally designed over 40 years ago, in single or twin cylinder 
form with air or water cooling, these engines are still in 
continuous production in the UK and are built under licence in 
many countries including India. Continuous development 
incorporating modern technology over the years has resulted in a 
range of engines suitable for many applications. Power may be 
taken off both ends of the crankshaft or at half speed off both 
ends of the camshaft. Ease of servicing with limited resources in 
rural locations has made these engines eminently suitable for use 
in the develc^ing world.
Table 1
Bore/Stroke 87.3/110 mm
Compression ratio ’' 16.5:1
Speed range 850-2200 rev/min
Continuous rating (gas oil) at 2200 rev/min
Torque 32.1 Nm
Specific fuel consumption 262 g/kWh
Taking the rural applications of this engine and the potential 
locations of ethanol fuel supplies into consideration, resulted in 
the adoption of a philosophy that readily available automotive 
components should be used in the conversion to spark-assistance 
wherever possible. This would enable retrofitting in the field 
and ensure the ready availability of spares. .With this particular 
installation, however, the engine is the research vehicle for
optimising ignition and injection timing, and studying the 
associated combustion performance of spark-assisted diesels with 
low cetane number fuels. A compromise was thus adopted and the 
ignition system installed was controlled from an encoder, fitted 
to the crankshaft, through an electronic timing circuit. In field 
applications a fixed ignition timing system driven from a single 
BDC marker would be utilised. A piezo-electronic pressure
transducer was fitted into the cylinder head for research 
purposes.
The ignition system fitted is shown schematically in figure 1.
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since the fuel distribution in the combustion chamber is not 
homogeneous with direct injection, particularly at light loads, a 
multistrike discharge system was used. In keeping with the 
philosophy adopted this was centred on a conventional high tension 
coil. To reduce the recovery time in the coil following discharge 
and thereby enable a high frequency multistrike rate the low 
tension side was energised by means of a lOOV supply. This was 
provided from a- typical automotive 12V supply by use of a switch 
mode step converter. The current in the low tension winding of 
the coil was limited to 5A using component MOSFETs. For research 
purposes the ignition system was controlled through a separate TTL 
timing circuit.
The geometry of the cylinder head and the associated valve gear 
severely restricted the location of the spark plug. This was 
further exacerbated by the need to provide cylinder pressure 
tappings for the transducer. ..Ideally the electrodes should be 
located in the vaporised fuel spray. In practice the geometry 
dictated the plug location. The position of the spark plug and 
the pressure transducer tapping may be seen in the photographs of 
figure 2. The plug tapping is angled through the cooling fins 
with the electrodes positioned close to the valve seat. A 
standard long reach 14 mm plug was used.
An over capacity fuel pump is fitted on the PHI engine and a 
spacer is provided on the rack to overfuel the engine on cold 
starting. This pump can meet the increased fuel flow required 
with the lower energy density fuel. * The injection period is, 
however, increased and this resulted in late burning with high 
exhaust temperatures. A replacement pump with a delivery rate of 
about twice that of the existing one and a compatible injector 
nozzle is to be fitted shortly.
Injection timing on the PHI engine is by spill. This was advanced 
by seme 10% of that required for gas oil, to about 31"* BTDC by 
adjusting the cam follower length. The advanced timing was to 
allow vaporised fuel to reach the spark plug electrodes and the 
flame kernel to become established. For stoichiometric mixtures 
the flame establishment period (0-1% burnt) may be about S'* CA. 
With leaner mixtures this period increases; about 15-20* CA for 
equivalence ratios of 0.7(2). The use of the multistrike system, 
with long spark discharge periods, ensures ignition’ and smooth 
running over a wide range of loads and speeds.
The operating envelope of diesel engines is usually limited at 
reduced speeds by exhaust smoke. Alcohols b u m  with a clean blue 
flame and smoke is no longer a limiting criterion. Preliminary 
testing of the converted engine has, however, been restricted to 
the makers continuous rating for gas oil rather than uprating the 
engine to the structural limit.
4. Conclusions
The Petter PHI engine was readily adapted to spark assistance for
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burning ethanol. Injection timings were advanced over those for 
conventional compression ignition fuels to allow for vaporisation 
and the increased volunetric fuel flow rate. A multi-strike spark 
discharge system based on a conventional coil was designed and 
fitted to ensure smooth operation over a wide range of speeds and 
loads.
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ABSTRACT
Sm all d i e s e l  e n g in es  o f  l e s s  than 10 kW are In common u se  throughout 
th e  world fo r  power g e n e r a tio n  and w ater pumping, p a r t ic u la r ly  in  r u r a l  
a r e a s . E thanol produced lo c a l ly  from biom ass i s  an a t t r a c t i v e  a l t e r n a t iv e  
f u e l  hut i t s  low ce ta n e  number makes i t  u n s u ita b le  fo r  d ir e c t  u se  in  
com p ression  ig n i t io n  e n g in e s . V arious tec h n iq u es  are a v a i la b le  to  
i n i t i a t e  com bustion o f  low ce ta n e  number f u e l s .  P i lo t  I n j e c t io n  o f  d i e s e l  
o i l  co m p lic a te s  th e  f u e l  system  and th e  a d d it io n  o f ce ta n e  im provers to  
e th a n o l i s  e x p e n s iv e . C onversion to  spark a s s is t a n c e  i s  r e l a t i v e l y  s im p le  
and in e x p e n s iv e  and r e s u l t s  in  a d i e s e l  w ith  a m u lt i fu e l  c a p a b i l i t y .  T h is  
paper d e s c r ib e s  the co n v ersio n  o f  a t y p ic a l  sm a ll e n g in e , a P e t t e r  PHI 
a ir - c o o le d  d i e s e l .  The p h ilo so p h y  adopted was th a t th e  I g n i t io n  system  
I n s t a l l e d  In the f i e l d  cou ld  be made up o f  r e a d ily  a v a i la b le  au tom otive  
typ e  components and in cu r minimum m o d if ic a t io n  to  th e  e n g in e . P re lim in a ry  
t e s t in g  in d ic a t e s  th a t in j e c t io n  tim in g s need to  be advanced over  th o se  
fo r  c o n v e n tio n a l f u e l s ,  to  a llo w  good m ixing b e fo re  i g n i t i o n .  The f u e l  
flo w  ra te  needs to  be in c r e a se d  to  accommodate the low er energy  d e n s ity  o f  
e th a n o l.
INTRODUCTION
The sm a ll d i e s e l  e n g in e s  used w id e ly  throughout th e  Third World fo r  
power g e n e r a tio n  and pumping d u t ie s  are w e l l  s u ite d  fo r  c o n v e r s io n  to  th e  
a lc o h o l  f u e ls  which are r e co g n ise d  as a t t r a c t iv e  a l t e r n a t iv e s  to  o i l .  
M ethanol and e th a n o l, w ith  PONs o f 114 and 111 r e s p e c t iv e ly ,  are  i d e a l l y  
s u i t e d  fo r  u se in  th e  h igh  com p ression , h ig h ly  tu r b u len t com bustion  
chambers o f  th e se  e n g in es  when su p p lied  as a homogeneous m ixture and 
ig n it e d  w ith  spark d isch a rg e  system s ( 1 ) .  I t  i s ,  how ever, r e c o g n ise d  th a t  
the problems o f ig n i t in g  a lc o h o l  f u e ls  in  d ir e c t  in j e c t io n  d i e s e l  e n g in e s  
needs to  be ad dressed  b e fo re  a s u c c e s s f u l  programme o f su p p ly  and 
d is t r ib u t io n  o f  a lc o h o l f u e ls  can be e s t a b l i s h e d .  Both m ethanol and 
e th a n o l have low ce ta n e  numbers and are th e r e fo r e  d i f f i c u l t  to  I g n i t e  by 
com p ression , p a r t ic u la r ly  a t load s below 25% o f  maximum r a t in g .  V ariou s  
te c h n iq u e s , such as the u se o f ce ta n e  enhancing a d d i t iv e s ,  p i lo t  I n j e c t io n  
o f  d i e s e l  o i l ,  fu m igation  and su r fa c e  I g n it io n  may be employed to  I n i t i a t e  
com b u stion . P i lo t  I n je c t io n  r e s u l t s  In a com plex dual fu e l  system  and , 
w h ils t  a d d it iv e s  may be used d ir e c t ly  In unm odified  e n g in e s , th e  h igh  
q u a n tity  req u ired  may make t h i s  tech n iq u e  uneconom ic. Spark a s s i s t a n c e  
was co n sid ered  to  be a v ia b le  a l t e r n a t iv e  fo r  the com plete s u b s t i t u t io n  o f  
d i e s e l  o i l  w ith  a lc o h o ls .  C onversion to  s p a r k - lg n lt lo n  need not in c r e a s e
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th e  te c h n ic a l  com p lex ity  unduly or be p r o h ib i t iv e ly  e x p e n s iv e . E le c tr o n ic  
i g n i t io n  sy ste m s, d r iv en  from markers on th e  f ly w h e e l are com m ercia lly  
a v a i la b le .  The in h e r en t advantage o f  h igh  e f f i c i e n c y  w ith  u n th r o t t le d  
d i e s e l  e n g in e s  cou ld  th e r e fo r e  be r e ta in e d  in  the so c a l le d  spark a s s i s t e d  
d i e s e l  e n g in e .
IGNITION SYSTEM
Taking th e  ru ra l a p p l ic a t io n s  o f  t h i s  en g in e  and the p o t e n t ia l  
lo c a t io n s  o f  e th a n o l f u e l  s u p p lie s  in to  c o n s id e r a t io n , r e s u lte d  In th e  
a d o p tio n  o f a p h ilo so p h y  th a t r e a d ily  a v a i la b le  au tom otive com ponents 
should  be used in  the co n v ersio n  to  s p a r k -a s s is ta n c e  w herever p o s s ib l e .  
With t h is  p a r t ic u la r  i n s t a l l a t i o n ,  how ever, th e  en g in e  I s  a r e se a r c h  
v e h ic le  fo r  o p t im is in g  ig n i t io n  and in j e c t io n  t im in g s , and s tu d y in g  th e  
a s s o c ia te d  com bustion perform ance. A compromise was thus adopted  and th e  
I g n it io n  system  i n s t a l l e d  was c o n tr o lle d  from an en co d er , f i t t e d  to  th e  
c r a n k sh a ft , through an e le c t r o n ic  tim in g  c i r c u i t .  In  f i e l d  a p p l ic a t io n s  a 
f ix e d  I g n it io n  tim in g  system  d r iv en  from a s in g le  BDC marker would be 
u t i l i s e d .
The i g n i t io n  system  f i t t e d  i s  shown s c h e m a t ic a l ly  in  f ig u r e  1 . S in c e  
the f u e l  d i s t r ib u t io n  in  the com bustion chamber i s  not homogeneous w ith  
d ir e c t  I n j e c t io n ,  a m u lt is t r ik e  d isch a rg e  system  was u se d . In  k eep in g  
w ith  the p h ilo so p h y  adopted t h is  was cen tred  on a c o n v e n tio n a l h ig h  
t e n s io n  c o i l .  To reduce th e  recovery  tim e fo llo w in g  d is c h a r g e , and 
th ereb y  en a b le  a h igh  frequ en cy m u lt is t r ik e  r a t e ,  the low te n s io n  s id e  was 
e n e r g ise d  by means o f a lOOV su p p ly . T h is was provided from a 12V su p p ly  
by use o f  a sw itch  mode s te p  c o n v e r te r . The cu rren t in  the low te n s io n  
w inding o f th e  c o l l  was l im ite d  to  5A u sin g  power t r a n s i s t o r s .
ENGINE MODIFICATION
A P e t te r  PHI s in g le  c y l in d e r , a ir - c o o le d  d ir e c t  I n j e c t io n  d i e s e l  
en g in e  was s e le c te d  fo r  c o n v e r s io n . O r ig in a lly  d esign ed  o v er  40 y e a r s  
a g o . In s in g le  or tw in c y lin d e r  form w ith  a ir  or w ater c o o l in g ,  th e s e  
e n g in e s  are s t i l l  In con tin u ou s prod u ction  In the UK and are b u i l t  under 
l ic e n c e  In many c o u n tr ie s  In c lu d in g  I n d ia . Robust c o n s tr u c t io n  and e a s e  
o f s e r v ic in g  w ith  l im ite d  reso u rces  In ru ra l lo c a t io n s  has made th e s e  
e n g in e s  em in en tly  s u i ta b le  fo r  u se In th e  d e v e lo p in g  w orld .
The main m o d if ic a t io n  to  the en g in e  was th e  a d d it io n  o f  a spark
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p lu g . The geom etry o f th e  c y lin d e r  head and th e  a s s o c ia t e d  v a lv e  gear  
s e v e r e ly  l im ite d  p o s s ib le  s i t e s  fo r  the spark p lu g . T h is  problem  was 
f u r th e r  ex acerb ated  by th e  need to  f i t  a p r e ssu re  tra n sd u c er  in  ord er  to  
record  c y lin d e r  p r e s s u r e . I d e a lly  the spark p lug  e le c t r o d e s  sh ou ld  be 
lo c a te d  c e n t r a l ly  in  th e  com bustion sp ace  and a ls o  in  th e  v a p ou r ised  f u e l  
sp r a y . In p r a c t i s e  the geom etry d ic ta te d  i t s  p o s i t i o n .  (F ig u r e  I) The 
p lu g  i s  angled  through th e  c o o lin g  f in s  and p ro tru d es in to  th e  com bustion  
bowl cut in  the p is to n  crown. The p lug  s e a t in g  was made to  a c c ep t 14 mm 
p lu g s  so th a t th e  w id e s t  range o f  au tom otive p lu gs co u ld  be u se d .
I n i t i a l l y  standard reach p lu g s were u se d , hut s in c e  th ey  were out o f  
th e  fu e l  spray se v e r e  m is f ir in g  o c c u r re d . The a i r / f u e l  r a t io  v a r ie s  
a c r o ss  the spray cone produced by the in je c t o r , . ,  from n eat f u e l ,  through a 
zone where th e  m ixture i s  w ith in  th e  l im i t s  o f  f la m m a h ility , to  an 
u n ig n ita b le  lea n  zo n e . T h erefore  c o r r e c t  p o s i t io n in g  o f  th e  spark gap i s  
v i t a l  to  en ab le  good e s ta b lish m e n t o f  th e  i n i t i a l  flam e k e r n e l .
Subsequent use o f  a long  e le c tr o d e  p lug  put the spark gap in to  a more 
fa v o u ra b le  p o s i t io n  in  r e la t io n  to  th e  f u e l  spray and e lim in a te d  
m is f ir in g ;  a lth ou gh  d i f f e r e n c e s  in  the d e la y  b e fo re  flam e e s ta b lish m e n t  
were s t i l l  o b se r v a b le  a t  d i f f e r e n t  en g in e  sp eed s due to  th e  e f f e c t s  o f  
s w ir l  on the f u e l  spray d i s t r ib u t io n .
An over c a p a c ity  f u e l  pump i s  f i t t e d  to  t h i s  e n g in e . T h is pump can  
m eet th e  in c r e a se d  f u e l  flow  req u ired  w ith  th e  low er en ergy  d e n s i ty  o f  
e th a n o l .  The i n j e c t io n  p er iod  i s ,  how ever, in c r e a se d  w ith  e th a n o l and 
t h is  r e s u lte d  in  l a t e  bu rn in g , h igh  ex h a u st tem p eratu res and a h igh  
s p e c i f i c  f u e l  consum ption . The ig n i t i o n  d e la y  and burning r a te  are  a 
fu n c tio n  o f  m ixture s tr e n g th . For s to ic h io m e t r ic  m ix tu res  th e  flam e  
e s ta b lish m e n t  p er io d  (0  -  1% f u e l  b u rn t) may be about 5®CA. With le a n e r  
m ixtu res t h is  p er iod  in c r e a s e s ;  phout 10 — 15®CA fo r  e q u iv a le n c e  r a t io s  o f
0 .7  ( 2 ) ,  I n j e c t io n  tim in g  i s  by s p i l l ,  and t h i s  was advanced by 10® by 
a d ju s t in g  the cam fo llo w e r  len g th  to  a llo w  more tim e fo r  th e  f u e l  to  
v a p o r is e ,  reach the spark p lug e le c tr o d e s  and th e  flam e k e r n e l to  become 
w e l l  e s t a b l i s h e d .  The s p i l l  tim in g  adjustm ent was l im ite d  and a lth o u g h  i t  
improved th e  running o f the e n g in e , a s h a f t  d r iv en  pump has been i n s t a l l e d  
to  g iv e  g r e a te r  v a r ia t io n  in  in j e c t io n  t im in g .
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CONCLUSIONS
The P e t te r  PHI d i e s e l  was r e a d ily  adapted to  spark a s s is t a n c e  fo r  
burning e th a n o l. I n j e c t io n  tim in g s were advanced o v er  th o se  fo r  
c o n v e n t io n a l com pression  ig n i t io n  f u e ls  to  a llo w  fo r  good m ixing b e fo r e  
i g n i t i o n ,  the high e n th a lp y  o f  v a p o r is a t io n  and the long  d e la y  p er io d  fo r  
flam e e s ta b lish m e n t a s s o c ia te d  w ith  th e  le a n  m ix tu res  in  th e  i g n i t i o n  
zo n e . T his n e c e s s i ta t e d  th e  i n s t a l l a t i o n  o f  a se p a r a te  s h a f t  d r iv en  f u e l  
pump as th e  s p i l l  tim in g  on th e  o r ig in a l  pump cou ld  not be advanced  
s u f f i c i e n t l y .  I n i t i a t i o n  o f  com bustion was s e n s i t i v e  to  spark lo c a t io n  
and com m ercia lly  a v a i la b le  long  e le c tr o d e  spark p lu g s  were used  to  avo id  
m is f ir in g .  A m u lt is t r ik e  spark d isc h a r g e  system  was d esig n ed  and f i t t e d  
to  en su re  smooth o p e r a tio n  and f a c i l i t a t e  o p t im is a t io n  o f  spark t im in g  and 
d u r a t io n ,
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SUMMARY
Energy conservation and fuel diversification in the wake of the crude oil ’price 
hikes' of the 1970's provided the initial stimuli to develop alternative fuels such as 
ethanol and methanol. These alcohols can be produced from indigenous energy 
resources such as renewable biomass or coal and natural gas to derive economic 
benefits and strategic independence. Recently, however, environmental 
considerations of air quality have reinforced the stimuli to implement ’clean’ 
alternative fuels. The combustion characteristics make alcohols suitable for use in 
spark-ignition engines but the low cetane number makes ignition by compression in 
diesel engines difficult. The diesel is inherently more efficient than its spark- 
ignition counterpart and this problem thus needs to be addressed before alcohol 
fuels implementation policies will be successful.
This paper outlines the environmental and financial benefits that may be realised 
with alternatives, such as ethanol and methanol, presents techniques for improving 
the combustion of alcohols in diesel engines and reports the authors’ experience to 
date with carburetted and with direct-injection, spark-assisted engines.
INTRODUCTION
The hikes in the price of crude oil during the 1970's provided the initial stimuli to 
conserving energy and developing alternatives for petroleum derived fuels. Whilst 
it is possible to employ alternative sources of energy, such as coal or nuclear 
fission, and the renewables, such as wind, tidal or solar power, in static industries 
and domestic applications, transport will remain dependent on liquid fuels. These 
are easily stored and readily transported. The potential of using alcohols as fuels 
for internal combustion engines has been recognised and policies to support 
implementation and development introduced in many countries. These policies 
emphasise different objectives in different countries with the introduction of 
alternative fuels on a regional basis. The concept of a single world-wide fuel, as is 
the case with oil, will in the future no longer be valid. All of the countries have, 
however, responded to two principal influences;
a. strategic concern for perceived shortages and supply of crude oil 
arising from the geographical distribution of the resource.
b. economic benefits of using alternatives to oil integrated with the 
opportunity to use indigenous energy resources.
Alcohols are already in widespread use, as octane boosters in gasoline, as 
petroleum extenders or as neat fuels. The Brazilian proalcool programme to reduce 
oil imports by 80% is the most notable. In 1986/87 11.7 billion litres of ethanol 
were produced from sugar cane to fuel 2.7 million alcohol vehicles and 5.3 million 
vehicles using gasoline alcohol blends (1).
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Today, however, with crude oil priced at about $19 a barrel, alcohol fuels are not 
economically viable alternative fuels on the basis of energy alone. The stimulus to 
implementing alcohol fuels has now changed to that of reducing environmental 
pollution. Legislation to reduce lead levels in gasoline has provided an incentive to 
market substitute octane enhancers such as methanol itself and methyl tertiary 
butyl ether (MTBE) which is produced from methanol feedstock. In comparison with 
petroleum fuels methanol is clean burning and ozone levels could be substantially 
reduced with methanol substitution. Both ethanol and methanol have high octane 
ratings. 111 and 114 RON respectively, and are consequently most suitable for use 
in high compression, lean-burning spark-ignition engines. Lean combustion 
results in reduced emission levels of oxides of nitrogen (NO*), hydro-carbons (HC) 
and carbon monoxide (CO). Conversion of diesel engines to bum alcohol fuels is 
particularly attractive from the emissions perspective. Both particulates and 
oxides of nitrogen emissions may be reduced substantially thereby improving air 
quality. Cost comparisons between fuels should, consequently, not be based on 
production costs alone. In the future economic comparisons between fuels should 
include the through-life costs of emission control. On this basis methanol 
substitution for gasoline or gas oil is becoming economically competitivp. Smith (2) 
quotes US costs at (1985) leaded gasoline 32.0/fc /mile, diesel fuel 
20.4.^ /mile and methanol 25.7/: /mile for heavy duty vehicles, with emission 
control costs included.
SMALL ENGINES
The authors have concentrated their research effort on the adaption of small diesel 
engines of less than lO kW to bum alcohol fuels. Such engines are widely used 
throughout the Third World for micro-power generation and pumping duties. Local 
production of ethanol as a fuel for this type of engine is particularly attractive for 
reducing adverse balance of payments in developing countries. Lately the 
proliferation of micro diesel-generators in the urban centres in some of these 
countries has resulted in high CO and NOx pollution levels. This problem could be 
addressed with the implementation of an alcohol fuels policy. The highly- 
turbulent, high-compression combustion chambers in these engines are ideally 
suited to buming homogeneous mixtures of alcohol and air which is ignited by 
spark discharge systems. Further the mixture strength may be leaned 
substantially to reduce pollution emissions as the fluid motion in the combustion 
chamber is highly turbulent. Two single cylinder diesels were converted to throttle 
controlled, spark ignition engines, by fitting carburettors and electronic ignition 
systems. Both mn satisfactorily with methanol fuel (3).
In the case of ignition by compression, however, the alcohols are unsuitable without 
the application of ignition enhancing devices or addition of cetane number 
improvers to the fuel: The cetane number for methanol is 3, whereas the combustion
quality of high-speed diesel engine fuel is maintained in the UK with cetane 
numbers in the range 50 - 56. Whilst alcohol fuels for compression-ignition 
engines thus present a problem it is important that this is addressed for the 
successful introduction of alcohols as alternative fuels. The diesel is inherently 
more efficient than its petrol engine counterpart owing to power being controlled by 
fuel-to-air ratio rather than by throttling the mixture in the inlet manifold. 
Consequently diesel engines are in widespread use. Recently the authors have 
directed their research on the problem of igniting alcohol fuels in direct injection 
un throttled diesel engines. In particular spark-assistance has been used to initiate 
combustion of ethanol in diesels_ (4).
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SPARKrIGMITION-£NGIMEJi
The high resistance to knock offered by the alcohols as fuels in spark-ignition 
engines can be exploited by increasing the compression ratio. This produces an 
increase in thermal efficiency over lower compression versions of engines 
demanded by the unleaded gasolines to which legislation in many countries is 
creating a move.
A proven result of the use of alcohols in spark-ignition engines is the ability to run 
much weaker mixtures than can be achieved reliably with hydrocarbons. As for 
other lean-bum engines, those using alcohols require highly turbulenC^combustion 
chambers to realize the full potential of the fuel. This improves the initial buming 
rate which, in the authors experience, is the main predictor of the reliability of 
complete combustion. Experiments (3) using two engines, one with a divided 
combustion chamber and one with a turbulent open chamber, using a swirl inlet 
port and recessed piston, demonstrated these effects. Figure 1 shows the range of ' 
equivalence ratios obtainable in the two engine designs and the degrees of crank 
angle required to bum 2% of the fuel. This is determined by computer analysis of
pressure-crank angle data acquired in tests.
The environmental benefit derived from this ability to bum with considerable 
excess air derives from the shape of the curves of exhaust CO, HC and NOx against 
equivalence ratio (figure 2). Since the NOx peaks on the weak side of
stoichiometric, it is necessary to move into a very lean region in order to combine
low CO with low NOx. When hydrocarbon fuels arc used in these very lean ratios 
misfiring occurs frequently, resulting in very high unbumt fuel proportions in the 
exhaust and, of course, an inefficient cycle. The disadvantage of lean operation is 
the lower specific output but this can be compensated to some extent by the higher 
compression ratio permitted by the use of alcohol. At full power only mixtures
closer to stoichiometric can be used to “restore the peak output. Under these
conditions the high enthalpy of evaporation of alcohols gives higher volumetric 
efficiency
DIESEL_EMGIME&
Ignition J [gchni.Qug.&
Techniques are available to enhance ignition of alcohol fuels in diesel engines with
partial or whole substitution of gas oil. The cetane number may be improved by the
addition of nitrogen based compounds such as triethyleneglycol dinitrate (TEGDN) 
and tetrahydrofurfuryl nitrate (THFN). The quantity of additive may be as high as 
10 - 15% by volume and these compounds are more expensive to produce than the 
raw fuel. These additives do, however, allow complete substitution of gas oil with 
alcohol and few modifications are needed to the engine; the changes being limited to 
the increased volumetric flow through injectors and pumps to accommodate the 
lower calorific value of the fuel, and injection timing. The main disadvantages are 
the high cost of cetane-enhancing compounds, which are often imported, and 
increased NOx emissions.
Alcohol/gas oil emulsions and solutions share many advantages and disadvantages. 
Solutions are the most direct and simplest method but are limited to about 20%
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substitution with alcohol if the solution is to remain stable. Emulsions facilitate 
the addition of larger quantities of alcohol, about 40%, but for stability 
approximately equal quantities of emulsifier are needed. Little modification is 
needed to the engine but, the quantity of alcohol replacing the diesel fuel is small
A larger quantity of alcohol may be used with dual injection systems in modified 
engines. A small pilot injection of gas oil, about 10% of the total, initiates 
combustion before the main power producing injection of alcohol. This technique 
adds to the complexity and cost of the engine with the need for a second fuel 
injection system and extensive engine modification.
Fumigation is, possibly, a simpler technique of substitution. Here a homogeneous 
alcohol-air mixture can be introduced into the cylinder through a carburettor or 
inlet manifold injector. Combustion is then initiated by direct injection of a small 
quantity of oil through a pilot injector. The ignition delay period is increased with 
fumigation and may cause late buming.
Combustion may be readily initiated in alcohol fuels by surface ignition. The glow 
plugs fitted for cold starting can be used for this purpose. Surface ignition 
facilitates complete substitution of gas oil with alcohols. Glowplug positioning may 
be critical as liquid impingement on the hot surface can result in quenching.
Spark-Assisted Diesel
An altemative technique for complete substitution is the utilisation of a spark- 
ignition system. This has been used by the authors for the conversion of a single 
cylinder Petter PHI direct-injection, air-cooled engine to bum ethanol. The main 
modification was the installation of a programmable electronic ignition system with 
timing synchronised by mi encoder fitted to the crankshaft. As this engine is in 
common use in rural locations throughout the developing world the philosophy 
adopted for modification was that of using readily available automotive ignition 
components. However, recognition that this particular application is used for 
research, has resulted in an ignition system with complete flexibility over timing 
and spark duration. In field applications a fixed timing driven from a mark on the 
flywheel would be used. The spark-plug was fitted at an angle through the cooling 
fins of the cylinder head with electrodes projecting into the bowl in the piston 
crown. The plug position was severely limited by geometric considerations.
The calorific value of ethanol is about two-thirds that for gas oil and it was 
necessary, therefore, to uprate the fuel pump capacity. Further, as the injection 
control on the original system was by spill and very limited, a separate higher 
capacity, belt-driven fuel pump was mounted on the bedplate. This enabled 
flexibility in injection timing to facilitate the optimisation of injection and, with 
the programmable ignition system, ignition timings. A piezo electric pressure 
transducer was fitted in the cylinder head and a needle lift transducer in the 
injector for combustion analysis. A microprocessor based data acquisition system, 
clocked from the crankshaft encoder, is used to enable cylinder pressures to be 
recorded at each degree of crank-angle over 50 cycles at speeds up to 2200 rev/min. 
The data is transferred to the University’s Prime mainframe computers for 
reduction .
The performance of the spark-assisted engine buming ethanol is compared with 
that when configured as a diesel engine in figure 3. The graph of brake specific
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fuel consumption, expressed in energy terms as gas oil equivalent, against brake 
mean effective pressure is comparable. Consumption of ethanol is higher but these 
results are preliminary ones taken before optimisation of the injection and ignition 
timings. As ethanol burns without producing the particulate emissions associated 
with traditional diesel fuels the engine is not limited by smoke considerations. The 
engine may be uprated, with the operating envelope enlarged, provided that thermal . 
and structural limits are not exceeded.
CONCLUSIONS
Energy - Year of the Environment plus 50 - Environmental considerations of air 
quality will need to be integrated into the economic equations used for formulating 
policy on the implementation of alternative fuels. When the through-life costs of 
emission control equipment are included in the equation, alternatives such as 
methanol and ethanol will become economically competitive with petroleum derived 
fuels It is unlikely that a single fuel will dominate as has been the case with oil. 
Individual countries are more likely to implement different alternative fuels which 
derive economic and strategic benefit from the use of indigenous energy resources.
Ethanol produced from renewable biomass is an attractive fuel for spark-ignition 
engines. The high octane rating makes ethanol particularly suitable for use in 
lean-burning, high-compression engines, thus improving fuel economy whilst 
reducing pollutant emissions. However, the widespread use of diesel engines makes 
it desirable to address the problem of buming low cetane number fuels, such as 
alcohols, for the successful introduction of an alternative fuels programme.
Ignition improving compounds may be added to the fuel but surface ignition or 
spark assistance techniques which address the problem at source are more likely to 
be incorporated in the fuel tolerant diesel engines of EYE+50.
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A b s tra c t
Successful introduction o f alcohol fuels on a 
widescale basis, particularly in rural areas, will 
depend substantially  on overcoming the 
problem s o f bum ing alcohols in diesel engines. 
This paper describes the conversion o f a small 
diesel, typical o f those used throughout the world 
for m icro-power generation, to a spark-assisted 
engine, the optim isation o f ignition and 
injection tim ings, and the perform ance obtained 
with direct injection o f ethanol. The power 
rating of this engine proved "tg be limited by 
therm al stress considerations.
I n tro d u c t io n
Eight years o f experience of operating small 
diesel engines on alcohol fuels has been gained 
at the University o f Surrey. The engines 
concerned are less than 10 kW and typical o f the 
many small diesel engines used throughout the 
world for m icro-pow er generation and pum ^ng  
duties, particularly in rural areas in the 
developing world. Initially, recognising the 
high octane rating o f  alcohols, the work was 
focussed on the modification o f  diesels to bum 
spark -ign ited , hom ogenous a lcoho l/air m ixtures 
( I) . However, sucessful implementation of 
alcohol fuels on a widescale basis will depend 
substantially on overcoming the problems o f 
bum ing alcohols in small diesels. Various 
techniques such as cetane num ber improving 
additives, em ulsions, dual injection systems, 
fum igation and surface or spark-ignition can be 
used. Some allow complete substitution of alcohol 
w hilst others are limited by the quantity o f 
gasoil required for ignition by compression.
This study has concentrated on the complete 
substitution by alcohol in a spark-assisted, 
direct-injection diesel. Such an engine is 
considered to be the most fuel tolerant and, 
therefore, the most versatile for use with
altem ative fuels. W ith spark-assistance 
advantage can be taken o f both the high octane 
rating and the high enthalpy o f vaporisation of 
alcohols. The high compression ratio o f the
diesel coupled with positive ignition by spark
discharge results in smooth combustion with a 
h igh therm al efficiency .
This paper reports the conversion o f a Petter PHI 
air-cooled diesel to a spark-assisted engine, the 
optim isation o f ignition and injection tim ings, 
the perform ance obtained with direct injection 
o f ethanol and the practical problems 
e x p e r ie n c e d .
E ngine m odification
The Petter PHI diesel was selected as being 
typical o f the small diesels in use throughout the 
world for static installations. It is a development 
from a line o f successful engines originally 
designed some forty years ago. These engines 
are still in continuous production in the UK and 
are built in many other countries under licence. 
The engine specification is shown in table 1. 
Consideration o f the typical applications o f  this 
type o f  diesel led to the adoption o f a conversion 
philosphy that m odifications should be minimal 
and that wherever possible readily available 
automotive components should be used. The 
spark discharge system  developed, shown 
schematically in figure 1, is based on a 
conventional HT coil. Provision has, however.
Table 1 Petter PHI sp e c if ic a tio n
B o re /s tro k e  
Com pression ratio 
Speed range
Continuous maximum rating (gasoil) at 
brake specific fuel consumption 
brake power___________________________
87.3/110 mm 
16.5:1
750-2200 rev/m in 
2200 rev/m in 
262 g/kW h 
7.4 kW
591
been made on this particular installation, which 
is used primarily for research, to programme the 
spark timing and the duration o f  the discharge. 
As the fuel distribution is not homogeneous in 
the combustion chamber o f a direct-injection 
engine a high frequency, m ulti-strike spark 
assistance system was used to ensure positive 
ignition. The coil is recharged rapidly with the 
high voltage output from the switch mode 
converter applied to the primary winding. The 
current is limited to 5 A. The system is 
synchronised by BDC and crank angle signals 
from a crankshaft encoder and runs at 13.2 kHz. 
In field applications the spark-assistance system 
would be fîxed at the optimum timing and 
duration, and driven from a single BDC 
synchronising signal provided by an opto­
electronic sensor triggered by a single timing 
mark on the flywheel.
40v
HT coBHT
TTL
12v
DEG
BDC
Ignition timing 
Interfoce
12v bottofy
switched mode 
converter
Multlstiike electronic Ignition system 
with current limiting circuit
Figure 1 High Frequency spark assistance 
system.
A hem ispherical com bustion cham ber is 
machined centrally in the piston crown o f the 
Petter PHI diesel. Fuel is injected at an angle 
into the highly turbulent air m otion which 
results from the squish action. Ideally the spark 
gap should be located centrally in the 
combustion chamber to ensure ignition in a 
rich' mixture zone. The cylinder head geometry 
severely limited possible tappings for the spark 
plug and a compromise was adopted. A tapping 
for 14 mm long reach plugs, o f the type used by 
Japanese m otor manufacturers in their lean- 
bum engines, was machined on the inlet side of 
the cylinder head. Some material was machined 
from the edge o f the combustion chamber to 
enable the electrodes to protrude into the 
hemispherical bowl in the piston crown. The 
removal o f this metal improved the air flow in 
the vincinity of the spark discharge and 
consequently had a beneficial action in
reducing significantly cyclic variations in 
combustion. The compression ratio was reduced 
to 16.0:1.
The original cam driven fuel pump was capable 
o f meeting the increased flowrate required to 
compensate for the lower energy density of 
alcohol fuels. The injection timing could, 
however, be advanced over only a few degrees. 
This proved to be inadequate and to ensure good 
mixing and vaporisation of the alcohol for 
ignition by spark discharge. To resolve this 
problem a separate Lucas CAV belt-driven fuel 
pump with provision to vary injection timing 
over a range of 120® in 2® intervals was installed. 
Having a larger swept volume this pump also 
restored the rate o f fuel energy supply to that o f 
the diesel fuel version.
Tim ing optim isation tests
Alcohol fuels bum with a 'clean' blue flame and 
alcohol fuelled diesels are not limited by smoke 
considerations when running off-design. It may 
be possible to uprate such an engine. It was 
decided, however, that the m anufacturer's 
maximum continuous rating, with gasoil, 5.6 kW 
at 1800 rev/min, would be used as the limit for 
timing optimisation tests. The tests were made 
with fuel injection timing varied in 10® steps 
from 40® to 80® BTDC and ignition timing varied 
in 2® intervals from 16® to 28® BTDC. Cylinder 
pressure was recorded at 1® intervals for 50 
consecutive cycles at each test point for 
subsequent com bustion analysis (2).
The effect o f injection and ignition timings on 
fuel economy is shown on the brake specific fuel 
consumption map in figure 2.
The minimum value o f brake speciflc fuel 
consumption (expressed in terms o f gasoil 
equivalent) achieved was 263 g/kWh. This 
compares well with the value of 259 g/kWh 
obtained with the engine configured as a 
conventional diesel. Maximum fuel economy 
occurred within the area bounded by injection 
and ignition timings o f 48® to 52® and 20® to 24® 
BTDC respectively. Within this region ignition 
timing had little effect but this may be owing to 
the long spark duration o f 12® used to reduce 
cyclic variation. With the ignition advanced 
beyond 20® BTDC, injection timing had the major 
influence on brake specific fuel consum ption.
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Influence o f injection and ignition 
timings on brake speciflc fuel 
co n su m p tio n .
Outside the area o f  the timing map o f figure 2, 
operation was limited by severe knocking with 
excessive maximum cylinder pressures, 
combustion continuing late into the expansion 
stroke or excessive temperatures in the cylinder 
head metal. During prolonged running the 
earth electrode on a spark plug broke off and 
damaged the ceramic insulator. On stripping the 
engine it was found that the loose fragments had 
caused impact damage to the piston crown, 
cylinder head and exhaust valve seating. More 
im portantly inspection revealed therm al stress 
cracks running from the injector tapping to 
both inlet and exhaust ports, crossing the valve 
seats in both cases. A third crack ran from the 
spark plug tapping to the inlet valve seat. 
D iscussions with the m anufacturer confirm ed 
the diagnosis that the cracks resulted from 
overheating. Cracks are likely to develop in the 
grey cast iron cylinder head if  the metal 
temperature exceeds 350® C. The maximum 
continuous rating for the PHI when configured 
as an ethanol fuelled, spark assisted diesel was 
thus lim ited by thermal stress considerations 
o n ly .
Combustion analysis
The pressure rise attributable to combustion was 
calculated at each degree o f crank angle from 
the acquired cylinder presure data. The 0 - 1 %  
and I - 50% combustion pressure rise times were 
computed at each test point. The 0 - 1 %  rise time 
is considered by the authors (3) to be a good 
indicator o f the initial flame establishm ent 
period as defined by a positive acceleration of 
the flame front. The 1 - 50% rise time indicates 
the buming rate for the established flame. Table 
2 shows that minimum 0 - 1 %  rise times occur at 
injector timings of 70® BTDC and also at 50® BTDC.
Table 2
0-1% combustion pressure rise times in ms
injection timing/°BTDC
80 70 60 50 40
1.7 1.4 1.8 - 1.7 16
1.7 1.5 1.7 1.5 1.7 18
1.7 1.5 1.7 1.5 1.7 20
1.7 1.5 1.7 1.5 1.6 22
1.6 1.5 1.6 1.5 - 24
1.5 1.4 1.5 1.5 - 26
- 1.4 . 28
ig n itio n
tim ing
®BTDC
It is deduced that the spark-assisted engine 
behaves more like a m anifold-injected gasoline 
engine with well advanced injector tim ings 
whereas, the effects o f a true com pression- 
ignition engine are exhibited w ith injection 
timings at 50® BTDC and below. Further, at well 
advanced injection tim ings more fuel is needed 
to maintain the rated power. The overall 
equivalence ratio is, therefore, increased and the 
flame establishm ent period is accordingly 
red u c ed .
A surface plot showing the influence of 
injection and ignition timings on the 1 - 50% 
combustion pressure rise time is shown in figure
3.
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Conclusions
The Petier PHI diesel was converted to a spark- 
assisted engine to realise a multifuel capability. 
The engine has been tested with direct injection 
of ethanol into the hem ispherical com bustion 
chamber in the piston crown. Power output was 
limited by thermal stressing considerations in 
the grey cast iron of the cylinder head to a metal 
temperature of 350® C. Temperatures in excess of 
350° C cause cracks to develop from the injector 
tapping across both valve seats to the inlet and 
exhaust ports. The brake specific fuel 
consumption, expressed as gasoil equivalent on 
an energy basis, was found to be comparable; 
about 1.5% greater than that for gasoil when run 
at 1800 rev/min with a brake load of 5.6 kW. 
Optimisation tests for maximum fuel economy 
indicated appropriate injection and ignition 
timings o f 50° BTDC and 24° BTDC respectively.
Figure 3. Influence o f injection and ignition 
timing on 1 - 50% combustion 
pressure rise tim e.
The surface plot shows that the long burning 
periods result from late ignition timing and from 
early injection. The tim ings for maximum hum 
rate correspond to those for maximum fuel 
economy. The hypothesis, previously advanced, 
that the spark-assisted alcohol-fuelled diesel is 
operating in two distinct ways is supported in the 
surface plot indicating the burning rate. A 
distinct ridge in burning rate occurs with an 
injection timing o f 60° BTDC. At well advanced 
injector tim ings a m ore nearly homogeneous 
fuel-air m ixture is formed with a low overall 
equivalence ratio. Burning rates are, therefore, 
low. W ith late injection timings the charge is 
still stratified in the vicinity o f the injector and 
ignition occurs in a 'fuel rich’ region. The 
charge bum s with a correspondingly higher 
flame speed. Although reference has been made 
to equivalence ratio, this param eter is 
inadequate in defining the nature o f the fuel-air 
mixture in the spark-assisted diesel. The 
duration o f the injection period was not available 
during these tests with the result that overlap of 
the Injection period on the ignition timing was 
not quantified. In the most extreme case of 
injection at 40° BTDC with ignition at 26° BTDC it 
is highly likely that injection continues once the 
flame has been established by the spark 
d is c h a rg e .
A ck n o w le d g m en ts
The authors wish to acknowledge the financial 
support provided by the Science and 
Engineering Research Council and the help 
provided by BP Research Centre, L ister-Petter 
Diesels, Lucas CAV and NGK Spark Plugs Ltd.
R e fe re n c e s
1. Johns RA and Henham AWE, "The 
perform ance o f  a divided cham ber single 
cylinder engine with lean m ethanol 
mixtures." Proceedings o f the First 
In tem ational Conference on Small 
Engines and their Fuels in Developing 
Countries, Institute o f Energy, Reading, 
1984.
2. Dye A "A new approach to combustion 
analysis". Automotive Engineer, V o l.10,
No 1, 32-35, 1985.
3. Johns R A and Henham AWE, "Flame 
developm ent in spark-ign ition  engines 
bum ing lean methanol m ixtures". Energy 
from Biomass, Elsevier Applied Science 
Publishers, 1167-1171, 1985.
694
A W E  Henham Paper 16
Development of a fuel-tolerant diesel for 
alternative fuels
A W E  Henham, R A Johns & S Newnham
Presented at the 5th Intemational Association of Vehicle 
Design Congress, Geneva, and published, in the Intemational 
Joumal of Vehicle Design, by Inderscience 1989
183
Int. J. of Vehicle Design, lAVD Congress on Vehicle Design and Components. 1989. Printed in UK
Development of a fuel tolerant diesel for alternative 
fuels 
Le développement d’un moteur diesel, tolerant des 
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SUMMARY
There is a  growing requirement for engines operating on a wider 
range of fuels than has been  n ecessary  in the past when fuel 
supplies  w ere more stable. The d iesel engine, with its high
com pression ratio and a b se n c e  of part-load throttling, offers high 
efficiency. S o m e widely available alternative fuels, in particular 
alcohol from biomass, present problems because of their low cetane  
numbers. The authors report the development of a  diesel engine  
using a com bustion system  incorporating a high-energy, multi­
strike spark to promote smooth combustion. Results obtained with 
this engine using ethanol are presented to illustrate its ability to 
handle fuels of very low cetane number.
RESUME
L'instabilité d e s  sources  d'approvisionnements de carburant a créé  
une dem ande accrue pour d es  moteurs pouvant utilise une variété de  
carburant. Le moteur diesel, grâce à son haut taux de compression  
et l'absence d'étranglement d e s  gaz  à charge partielle, offre un 
rendement très élevé. Quelques uns d es  carburants alternatifs les  
plus courants, tel l'alcool obtenue de la b iom asse , sont difficile 
d'emploi à  cau se  de leurs bas niveau d'indice de cetane. Cet article
Copyright © 1989 Inderscience Enterprises Ltd. U.K.
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rend compte du développem ent d’un moteur diesel qui utilise une 
étincelle répété à haute énergie  pour stimuler une combustion  
continu et s a n s  à -cou p s. L'aptitu du moteur à brûles d es  
combustibles à très bas indice de cetane est démontré à l’aide de 
résultat obtenu avec  de l'éthanol.
INTRODUCTION
The driving force for the initiation of the work described here was  
the rapid increase in oil prices during the 1970’s. This affected 
m ost those  le s s  d evelop ed  countries which had no indigenous  
petroleum resources. It w as for this reason that ethanol w as used  
a s  the first alternative fuel to be explored in this programme for 
its potential use in diesel engines. Such countries often have large 
quantities of underdeveloped agricultural land and w elcom e the 
rural employment opportunities which a programme of b iom ass  
development would provide. In Brazil this development, using 
sugar cane as  an alcohol source, has already taken place and the use  
of this fuel as  an enhancer and as  a total substitute for gasoline is 
well es tab lish ed . The production of alcohol, e x p r e sse d  a s  
litre/hectare of land use  is greater for this crop than for others 
exploited but other sources are viable in various parts of the world. 
This has been widely reported, for example by Elkington (1984) and 
by Trindade and Carvalho (1988)* The work of the latter reports 
that in 1987 sa le s  of cars* in Brazil comprised 387 000 alcohol and 
23 000 gasoline engined. and even light commercial vehicles were  
three times more likely to have an alcohol spark-ignition engine  
than a diesel engine. It is suggested  that in the present situation 
of low oil prices, local oil production and alcohol production costs  
it may be n ecessary  to modify the programme, possibly allowing 
so m e increase in gasoline u se  for private vehicles and a m ove  
towards alcohol for heavy commercial vehicles, at present almost  
entirely diesel-engined. Although the suggestion is that this would 
be by conversion to heavy Otto (ie spark-ignition) en g in es, the 
authors believe that a more co st  effective solution would b e  to 
convert diesel engines to run on alcohol fuels.
ALTERNATIVE FUELS FOR DIESEL ENGINES
The emphasis on the use of alcohol fuels in spark-ignition engines  
rather than in compression-ignition engines derives from their high 
Octane numbers and low C etane numbers. On the b asis  of 
combustion quality alone (as expressed  by th ese  two criteria) it is 
clear that ethanol and methanol offer advantages over gasoline and, 
at the sa m e time, suffer d isa d v a n ta g es  when com pared with
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automotive d iesel fuels. The significant factors, from Goodger 
(1982) are shown in table 1.
Table 1:
P r o p e rties  o f  a lc o h o l  fu e ls  com p ared  with h y d ro ca rb o n s
Fuel G a s o l i n e D ie se l  fuel M e th a n o l E th a n o l
C a l o r i f i c  
v a lu e  MJ/kg* 4 3 .0 4 1 .8 19 .9 2 7 .2
E n ergy  d e n s i ty  
M J / l i t r e * 3 2 .3 36 .4 15 .9 2 1 .6
O ctan e  n u m b er  
RON
9 8
(premium)
na . 1 1 4 111
C etan e  n u m b er na 4 5 3 8
S p o n t a n e o u s  
ign tem p  °C 4 0 0 2 4 5 3 8 5 3 6 5
net or lower calorific value and energy density given.
All th ese  characteristics show much closer relationships between  
the alcohols and gasoline than they have with diesel fuel. In 
particular the low cetan e number and high spontaneous ignition 
temperatures create problems in the initiation of combustion by 
spraying fuel into the com p ressed  air near the end of the  
compression stroke. Where the fuel is ignited it will burn only 
with prolonged ignition delay which leads to knocking in d iesel  
engines. The authors' original work with alcohol fuels w a s  in 
connection with the combustion of lean mixtures in spark-ignition 
engines and in the analysis of combustion using computer modelling 
combined with simple pressure crank angle instrumentation. This 
has been reported, by Johns and Henham (1984,1985).
Spark-ignition engines  generally exhibit inferior brake specific fuel 
consum ption than d iese l engines, through the effect of lower 
com pression ratio and of throttling. The latter factor is especially  
important at part load which m akes it especia lly  significant for 
vehicle operation.
186
POSSIBLE SOLUTIONS
A number of p o ss ib le  approaches exist which can improve the  
combustion of low cetan e  number fuels in diesel engines. T hese  
are listed in T ab le  2 with so m e  of their a d v a n ta g e s  and  
disadvantages.
Table 2: C o m b u st io n  s y s t e m s  for low  c e ta n e  num ber fu e ls
M ethod A d v a n t a g e s D i s a d v a n t a g e s
C h em ica l c e t a n e No engine H ig h  c o s t  o f
i m p r o v e r s m od ifica tion ad d itives .
(added to fuel) large quantity 
required
E m u ls io n s Minimum engine Still need s  over 50%
(produced at engine m od ifica tion diesel fuel, two fuel
or by emulsifying agent) supplies needed.
Dual in je c t io n Small amount of Complex control.
(Alcohol and d iesel d iesel fuel for n eed s  two com plete
in jec to rs ) pilot injection injection sy s te m s
r
F u m ig a t io n Cheaper than dual Still n eeds about
(Alcohol air mixture in jec t io n 50% diesel fuel, two
ignited by 
diesel fuel)
fuel supplies needed
S u r fa c e  ig n it io n Only one fuel Large energy input to
(permanently hot required h o t  s u r f a c e .
additional in se r t io n  th r o u g h
surface) head
Spark a s s i s t a n c e Only one fuel Additional insertion
(alcohol injected, required through head, cost of
spark-ign ition ) ignition system
At the time when the work w as  initiated som e of these  approaches  
had been given considerable .attention but the last had been given  
very little attention. It w as  thought that an engine could be  
relatively eas ily  modified to incorporate the n e c e ssa r y  spark-  
ignition system . The advantage of requiring only one fuel w a s  
considered important for u se  in developing countries where the
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considered important for u se  in developing countries where the 
additional infrastructure for the supply of two fuels would be  
unlikely to b eco m e developed . There are also problems with 
untrained staff in the possibility of placing the two fuels in the 
wrong tanks. Most peop le  en g a g ed  in engine maintenance  
understand the automotive ignition system  as well a s  the diesel 
injection system  which are fundamental to this type of engine.
DESIGN OF RESEARCH ENGINE
The engine w as  se lected  on the basis of its simple design and the 
e a s e  with which it could be modified and instrumented for the  
purpose. S in ce  it w a s  air-cooled the provision of an additional 
tapping into the cylinder head did not introduce complications with 
water p a ssa g es .  It w as also necessary for the combustion analysis 
programme to tap the head for a pressure transducer and this, too, 
w as facilitated by the a b se n c e  of water p a ssa g es .  To represent 
current trends It w as a lso  felt to be important to have an engine  
with direct injection. Additionally the engine is of rugged  
construction , d e s ig n e d  for applications in construction and
agricultural industries. The structure is of cast  iron and the
crankshaft and connecting rod, forged steel. There are full and half
speed  drives from the crankshaft and camshaft respectively. The 
engine specification is given below in table 3.
An additional advantage of this engine making it appropriate for 
work con n ected  with the u se  of alternative fuels in developing  
countries Is the widespread u se  of this type and others closely  
resembling it in many such countries throughout the world. It is, 
therefore, at the sa m e  time demonstrating a directly applicable
technology and providing a testbed for later application of the 
methods developed to more complex, automotive type, engines.
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Table 3: E xperim enta l e n g in e  sp e c if ic a t io n
Make and ty p e  
C y c l e
Bore X Stroke  
C y l i n d e r s  
S w e p t  v o lu m e  
C o m p r e s s io n  ratio  
S p e e d  range
Patter PH 1 
Four-stroke  
87.3 X 110 m m  
one
658 cm3 
16.5
7 5 0 -2 2 0 0  rev/min
C o n t in u o u s  rating (d ie s e l  fuel)
p o w e r  7.4 kW
t o r q u e  32.1 Nm
b s f c  0.262 kg/kWh
The cylinder head, modified to accept the spark plug and pressure  
transducer, is illustrated in figure 1.
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Figure 1: Modified cylinder head
spark plug 
tapping
t r a n s d u c e r
fuel injector
H a
Inlet port exhaust port
Fuel system
In order to u se  alcohol in a standard diesel-type fuel pump it is 
necessary to provide som e lubrication of the pump elements. This 
is provided by the addition of a lubricant to the alcohol fuel tank. 
A more significant difference betw een the fuels is in the lower 
energy density of alcohol fuels when compared with hydrocarbons 
as  shown in table 1. Since most pumps operate at constant rate and 
vary the duration of fuel delivery to control the total quantity, 
injection of the greater quantity of alcohol would involve injection 
over a long period. This changes the nature of the cycle diagram as  
the injection would last well into the expansion  stroke at the 
higher loads. Single-cylinder engines generally have fuel injection 
pumps built into the casing so  that there are no external drive 
elem ents . This makes it virtually impossible to optimise the
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quantity and timing of the injection of fuel. For these  two reasons  
an independent fuel injection pump having a larger sw ept volume 
w as obtained providing a higher flowrate and a drive system  built 
which enabled variation of timing. It is em phasised  that this 
complication would not be needed in a production engine since the 
built in pump would be appropriately sized  and timed for the 
intended fuel. For automotive engines the ability to vary timing is 
usually present in the standard system.
Ignition system
A sim ple  ignition sy s te m  would again be unable to allow  
optimisation of all the variables when exploring new ground  
although it is hoped that once this exercise is completed it may be 
possible to revert to this. For development a complex system  
providing multiple, high-energy; sparks w as developed. This 
enables  independent dontrol of the variables - initiation of spark 
(degrees of crank angle after bottom dead centre), duration of spark 
(degrees of crank angle), frequency of multiple spark (Hz). For the 
experimental engine the trigger for this system  is the crankshaft 
encoder, which a lso  g iv es  the s ignals  to the data acquisition  
system , but in production versions a simple flywheel trigger could 
be incorporated. A standard automotive coil is used , the low 
tension side  being driven by a semiconductor circuit. The spark 
plug presented a  problem in that it w as understood from published 
work by Komiyama (1981) that the location relative to the injector 
spray w as critical. This implied the use  of longer electrodes than 
were thought to be available. Contact with the manufacturer of 
spark plugs for lean-burn gasoline engines resulted in the supply 
from Japan of plugs with a range of extended electrodes covering 
the lengths required.
Other engine modification
To clear the spark plug it w as necessary to relieve the edge  of the 
combustion chamber bowl in the piston crown. - This appears to 
a ss is t  the flow round the e lectrodes but it is difficult to know 
exactly what is the pattern of fuel and air flow in this region. The 
compression ratio is reduced from 16.5 to 16 by this modification.
EXPERIMENTAL INSTALLATION
The engine is mounted on a test bed having a d o  dynamometer with 
motoring facility used  also for starting. There are facilities for 
the storage and supply of three different fuels in parallel tank 
system s. Instrumentation is provided for the following: 
torque  
speed
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fuel flow  
cylinder pressure  
injector n eed le  lift
crank angle (360 and 1 pulse per revolution channels) 
inlet air temperature  
exhaust temperature  
cylinder head temperature 
and, in addition although not reported here, exhaust g a s  analysis for 
oxygen, carbon monoxide and unburned hydrocarbons is available in 
the laboratory.
EXPERIENCE WITH ALCOHOL FUELS
After initial base line  te sts  with the engine in standard form and 
using g a s  oil, the engine w as converted as  described above. A 
series of tests were undertaken to prove the system  and to develop  
the spark-ignition system . During th ese  tests the engine suffered 
dam age and, on stripping it down, cracks were discovered in the 
cylinder head and dam age to the piston crown w as also noticed. 
The cracks were betw een the two valve sea ts  and the injector 
aperture and between one seat  and the spark plug aperture. On 
discussing this dam age with the engine manufacturer it w as found 
that similar dam age had been experienced with the standard engine  
on diesel fuels when conducting overload tests. It w as thought 
appropriate to limit the cylinder head metal temperature to 3 0 0 °C  
since this had been found to prevent dam age in the c a s e  of the 
standard engine. Since alcohol fuels do not limit the performance 
of an engine by e x c e s s iv e  sm oke it appears that the head  
temperature provides a thermal limit on performance instead. The 
limit also had the advantage of protecting the cylinder pressure  
transducer, one of which suffered dam age at the sa m e time as  the 
head. The dam age to the piston w as partly thermal and partly the 
result of the impact of p ieces  of the spark plug, which w as also  
damaged during the failure. The readings at this time show ed  
com bustion continuing late into the exp an sion  stroke, with 
consequently high exhaust temperatures, and high peak pressure.
RESULTS
Further tests, after fitting a new cylinder head with thermocouple 
embedded and a new piston, concentrated on the establishment of 
the optimum timings of fuel injection and spark ignition. The first 
set of tests  w as  conducted at constant power, 5.6 kW, and speed ,  
1800 rev/min. R esults are shown a s  a brake specific fuel 
consumption map against the two se ts  of timings in figure 2. The 
injection timing is shown from 80 to 40 d egrees  before top dead
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centre in 10 degree  s tep s  and the ignition timing from 26 to 16 
d eg rees  before top dead centre in two d egree increments. The 
duration of ignition run in each c a se  was 12 degrees of crank angle 
at approximately one pulse per degree. It is seen  that the brake 
specific  fuel consumption minimum is at an injection timing 50  
degrees  before TDC with 20 to 24 degrees of spark advance. The 
value of 265 g/kWh gas oil equivalent is comparable with the rated 
value for the standard engine which is 259 g/kWh at the same load 
and speed.
Figure 2: Map of brake specific fuel consumption
on a gas oil basis against timings of fuel 
injection and ignition
/
7 0  6 0  5 0
Injection tim ing d e g  BTDC
Analysis of combustion data
The data from the pressure transducer w as sampled at every degree 
of crank angle by m eans of a Sirton microcomputer with 12-bit 
analogue to digital converter. This information w as automatically 
sam pled for the first 50 con secu tive  cy c les  after the sampling 
instruction. The computer system , which is shown in figure 3, 
includes a dual disk drive, keyboard, vdu and printer in the outer 
room of the engine test cell. Software enables this equipment to
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emulate a terminal of the University’s  PRIME computer system .  
This facilitates the  transfer of data for com bustion an a lysis  
programs which are much too large for the microcomputer. For 
each 50-cycle batch the rise times for 0-1% and 1-50% of maximum 
pressure rise were computed. The former is regarded by Johns,  
Henham and Marshall (1985) as  an indication of the effective  
establishment of the initial flame. As a measure of the stability 
of the combustion the cyclic dispersion of a parameter can also be  
determined by the program and that for maximum pressure is shown  
in figure 4, also plotted against injection and ignition timings.
Figure 3: Computer system  for data acquisit ion and
analysis
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Figure 4: Cyclic dispersion of maximum cylinder pressure
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CONCLUSIONSr
The standard diesel engine can be readily adapted to burn alcohol 
fuels with the provision of a high-energy spark ignition system.
The combustion depends upon the fuel injection timing in that early 
fuel injection crea tes  premixed combustion conditions similar to 
those  in a traditional spark-ignition engine w hereas late injection 
g ives  a stratified charge more in keeping with the true d iesel.  
Stable operation is available under both approaches (as indicated by 
low cyclic  d ispersion) but the latter g iv es  more econom ical  
operation under the conditions of the first set  of tests.
Brake specific  fuel consumption at the test load (three-quarters 
full load power) w as comparable with that for gas  oil on an energy 
basis .
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SYNOPSIS Modifications were made to a Fetter PHI air-cooled diesel to convert it to a 
spark-assisted, alcohol-fuelled engine. The perform ance obtained after optimisation 
o f ignition and injection tim ings and some practical problem s encountered are 
described. The modifications included the fitting o f a m ulti-strike, high frequency
ignition system and a separate fuel injection pump to meet the increased flow 
required by the lower calorific value fuels and advanced injection timings. The 
engine was limited by thermal stress considerations.
NOTATION
average maximum cycle 
p r e s s u r e
cyclic dispersion in 
cy lin d er p ressu re  
standard deviation in 
maximum cycle pressure
1 INTRODUCTION
The introduction o f alternatives to petroleum 
derived fuels for in tem al-com bustion engines 
became a financially attractive possibility for oil 
importing countries following the OPEC price 
hikes of the 1970s. The escalation o f crude oil 
prices as a consequence of the start o f the 
Iran /Iraq  conflict reinforced the im plem entation 
o f alternative fuels. The dramatic fall in the price 
o f  crude oil with overproduction in recent years, 
however, has reduced the economic impetus to 
replace petroleum fuels. Environmental stimuli to 
reduce exhaust em issions from reciprocating 
engines remain. In the longer term oil will 
remain a finite resource that is becoming 
increasingly more d ifficult and increasingly more 
expensive to find.
The concept o f a world-wide single fuel, oil, is 
unlikely in the future. Many economies, 
particularly in developing countries, need to 
reduce balance o f payments deficits by replacing 
oil imports with fuels produced from indigenous 
resources. The alternatives developed will depend 
substantially on the availability of local 
feedstocks. Fuel type and quality may vary from 
region to region and country to country, 
depending on the raw materials and process 
production facilities available. For the engine 
manufacturer a wide fuel tolerance will be a 
prerequisite for world-wide sales. The Brazilian 
proalcool programme is the m ost notable 
alternative fuel implementation and is well 
documented (1). Ethanol produced in local 
refineries from sugar cane has displaced gasoline 
as the prime automotive fuel. However, the 
majority o f engines bum  ethanol o r ethanol 
gasoline blends and have been specifically adapted
for these fuels. These engines do not have a true 
multifuel capability where a wide range of fuels 
can be burnt with the minimum o f modifications 
carried out in the field.
Alcohols have a high octane rating and are, 
therefore, well suited as either replacement fuels 
or gasoline extenders in blends for high- 
com pression, spark-ignition engines. From the 
environm ental viewpoint the introduction o f 
alcohols as octane boosters in blends is an 
attractive alternative to lead alkyls. Experimental 
engine programmes and captive fleet tests have 
shown the viability o f implementing alcohol fuels, 
both methanol and ethanol, in spark-ignition 
engines. Successful introduction on a widescale 
basis, however, will depend substantially on 
overcoming the problems o f bum ing alcohols in 
com pression-ignition engines. The diesel, with 
power controlled by variation o f the fuel-to-air 
ratio in place o f Uirottling a near stoichiometric 
fuel-air m ixture, is inherently more efficient than 
its spark-ignition counterpart. As a consequence 
the diesel has found widescale applications in 
both static installations and vehicles. It is 
considered the most economic type of engine for 
future use, especially with increased fuel prices 
and depleted oil reserves.
The initiation o f combustion by compression 
ignition presents a problem. A cetane number of 
about 30 is considered to be the lower limit for 
compression-ignition fuels. Yet, ethanol and 
methanol have cetane numbers o f 8 and 3 
respectively. I f  low cetane number fuels are to be 
used as alternatives to gas oil the cetane rating 
needs to be improved with additives or positive 
means o f initiating combustion included in the 
engine design. Various techniques, such as cetane 
num ber im proving additives, gasoil/alcohol 
emulsions, dual injection systems, fumigation, and 
surface or sparic ignition can be used. Some allow 
complete substitution of alcohol for gasoil whilst 
for others this is limited by the amount of gasoil 
required for ignition purposes (2).
This study has concentrated on the complete 
displacement o f gasoil in a small spark-assisted 
diesel, which may be considered as a fuel tolerant 
engine. The engine selected was a Fetter PHI
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which is typical o f the small engines used 
throughout the world for m icro-pow er generation 
and pumping duties. The philosophy used in 
converting the diesel to  spark-assistance was that 
readily available autom otive com ponents should be 
used for ignition systems to facilitate easy 
conversion and straigh tforw ard  m aintenance in 
remote locations. W ith spark ignition advantage 
can be taken o f both the high octane ratings of 
alcohol fuels and the high enthalpy o f 
vaporisation. The high compression ratio of the 
diesel engine and the positive nature o f spark 
ignition results in smooth com bustion with a high 
thermal efficiency. The alcohol fuelled diesel is 
not smoke limited at part load as combustion o f 
alcohol is ’clean’ with low particulate formation.
At low speeds the torque may be increased above 
that for gasoil provided that structural and/or 
thermal lim itations are not exceeded. This paper 
describes the conversion of the Fetter PHI diesel, 
the perform ance obtained with direct injection of 
ethanol and the optim isation o f ignition and 
in jection  tim ings.
2 SPARK-ASSISTED DIESEL
Careful consideration was given to the selection of 
a small diesel. With a limited budget the engine 
needed to be easily converted to spark assistance, 
w ithout m ajor redesign and modification o f the 
cylinder head, whilst being typical o f the small 
diesels in use throughout the world in static power 
installations. The engine chosen was a Fetter PHI 
s ing le-cy linder, d irec t-in jection , air-cooled  diesel. 
It is a development from a line o f successful 
engines originally designed some forty years ago. 
These engines are still in continuous production 
in the UK and are built in many other countries 
under licence. The rugged construction in cast 
iron w ith forged steel crankshaft and connecting 
rod, alum inium  piston and replaceable shell 
bearings have contributed to  its continued success 
as a small scale power unit especially in rural 
locations. The engine is versatile, in that power 
may be taken o ff either end o f the crankshaft or at 
half speed o f the camshaft. The air-cooled 
cylinder head facilitated easy installation o f a 
pressure transducer and therm ocouple. The 
engine specification is shown in table 1.
Table 1 Fetter PHI specification
B o r e /s tr o k e  
Com pression ratio  
Speed range
8 7 .3 /1 10mm 
16.5:1
750-2200 rev/m in
Continuous maximum rating (gasoil) 2200rpm 
Power 7.4kW
Brake specific fuel consum ption 2 6 2 k g /k W h
Continuous maximum rating (gasoil) at ISOOrpm 
P o w e r  5.6kW
Brake specific fuel consum ption 2 5 9 k g /k W h
2.1 E ngine M odification
The principal requirem ent for conversion to a 
spark-assisted diesel was the Incorporation o f an 
ignition system. Taking the applications o f this 
particular design o f engine into account, namely 
in rural locations, lead to the adoption o f  a 
philosophy that readily availab le  autom otive 
com ponents should be used wherever possible.
W ith th is particular installation, however, a 
compromise solution was adopted as this engine is 
a research vehicle for evaluating alcohol and 
other low cetane number fuels. The ignition 
system designed, whilst being based on a 
conventional coil, has a m ulti-strike discharge 
capability which may be programmed for ignition 
tim ing, ignition duration and m ulti-strike 
frequency. The system is shown schematically in 
figure 1.
Ignition timing and duration are controlled 
through a tim ing interface which receives 
synchronising signals of BDC and crank angle 
from the encoder. To enable the multi-strike 
system to run at high frequencies the coil needs to 
be recharged rapidly and a high voltage is, thus, 
applied to the primary windings. There is no 
ballast resistor to limit the current in the primary 
circuit; instead the primary current is sensed and 
limited to 5A by means of a power transistor. The 
system can generate a spark discharge at a 
frequency of 13.2 kHz. This is equivalent to one 
spark at every degree o f crank angle with the 
engine running at 2200 rev/min. As the fuel 
distribution in a direct-injection engine w ill not 
be homogeneous in the com bustion cham ber the 
m ulti-strike, high-frequency system  w ill ensure 
positive ignition. In field applications the 
ignition system would be set at the optimised 
timing and duration and driven from a single BDC 
synchronising pulse from an opto-electron ic 
sensor triggered by a timing mark on the 
f ly w h e e l.
In the Fetter PHI engine a hemispherical 
com bustion cham ber is machined centrally in the 
piston crown. Fuel is injected at an angle into the 
highly turbulent air motion resulting from the 
squish action. Ideally the spark gap should be 
located centrally in the hem ispherical com bustion 
chamber to ensure ignition in a 'rich' m ixture 
zone and to reduce the possibility o f spontaneous 
combustion of the end gases. The geometry o f the 
cylinder head, principally the valves, in jecto r 
tapping and studs, severely lim ited possible spark 
plug tappings. Once it was decided to use 14mm 
automotive type plugs to enable the use of the 
widest possible range, only one location on the 
inlet side o f  the head was suitable. The spark plug 
electrodes needed to protrude into the 
hemispherical bowl in the piston crown and it was 
necessary to remove some material from the edge 
o f  the combustion chamber to locate the plug gap. 
The removal o f material from the piston improved 
the air flow in the vicinity o f the spark discharge 
had a beneficial effect o f reducing cyclic 
variations in ignition and accommodated the use o f 
long reach spark plugs. The spark discharge 
position in the combustion cham ber could, thus, be 
varied by the use o f different plugs. The 
com pression ratio was reduced through the 
removal o f material from the piston crown from 
16.5:1 to 16.0:1.
Both ethanol and m ethanol have calorific 
values lower than that for gasoil, about two thirds 
and one half respectively. To com pensate for this 
low er energy density a larger volum e o f  alcohol 
needs to be injected than for gasoil to produce the 
same brake power. The original cam driven fuel 
pump was capable o f meeting the increased fuel 
flow  required but the injection duration was 
increased and the injection tim ing could only be 
adjusted over a few degrees of crank angle. This 
adjustm ent proved to  be inadequate when
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com m issioning the spark-assisted diesel on 
ethanol. For alcohol fuels the injection tim ings 
need to be advanced significantly to ensure 
adequate m ixing and vaporisation before ignition
by spark discharge. To meet the requirem ent for
increased flow rates and facilitate a wide range of 
injection tim ings in this research engine, a
separate belt-driven fuel pump was installed on 
the test bed. The pump is driven by a toothed belt 
from the camshaft. An indexing mechanism fitted
to the pump pulley enables the injection timing to 
be varied over a range of 120° in 2° intervals.
2.2 I n s t r u m e n ta t io n
The evaluation o f the spark-assisted diesel includes 
analysis o f  the com bustion perform ance using the 
Rassw eiler and W ithrow technique described in 
reference (3). A Kistler 6123A1 piezo electric 
pressure transducer was, therefore, m ounted in 
the cylinder head to measure the pressure in the 
com bustion chamber. An inductive transducer 
was fitted to the injector to indicate the needle lift 
and thus measure the injection timing and 
duration. Engine speed and crankshaft position 
are determ ined from the opto-electronic shaft 
encoder fitted to the crankshaft. The brake power 
developed was absorbed by a dc swinging arm 
dynam om eter loaded with an external bank of 
r e s is to rs .
Alcohols bum with a ’clean’ blue flame and 
the engine was, therefore, not limited at part-load 
by smoke emissions. The cylinder head was 
machined from grey cast iron and the metal 
temperature was limited to about 350°C. The 
pressure transducer fitted in the cylinder head 
was also limited to a temperature of about 350°C. A 
therm ocouple was fitted into a tapping in the 
cylinder head. The engine was run early in the 
program m e with cylinder head tem peratures in 
excess o f  350°C and thermal stress cracks 
developed between the injector tapping and the 
valve seats. Subsequently fuel flow rates were 
lim ited so that the metal temperatures in the grey 
cast iron cylinder head did not exceed 350°C.
3 DATA ACQUISITION SYSTEM
A Sirton micro-computer based on a Z80A central 
processing unit was used to acquire cylinder 
pressure readings through a 12-bit ADC. The 
m icro-com puter was clocked by the crank angle 
degree signals from the encoder fitted to the 
crankshaft. Pressure data for 50 cycles at each test 
point were stored on floppy discs for subsequent 
reduction on the U niversity’s Prime m ainfram e 
c o m p u te rs .
Software has been written to analyse and 
present the cylinder pressure data. A statistical 
analysis program may be used to determine peak 
cylinder pressures and evaluate the cyclic 
dispersion in peak pressure. The pressure rise 
owing to combustion, the associated flame 
Initiation period and combustion duration can be 
evaluated using a second program based on the 
R assw eiler and W ithrow technique. A graphical 
package is also available to present combustion 
perform ance for individual cycles and overall 
perform ance. Fig. 2 shows examples o f combustion 
perform ance for two typical cycles. Both cycles 
were recorded under the same load, speed and 
ignition tim ing conditions but with the 
injection tim ing changed. It can be seen that
advancing the injection timing has led to an 
increase in the bum  time o f the fuel.
4 TESTS WITH ETHANOL 
4.1 Initial tests
Initial tests with ethanol were made with the 
original camshaft driven fuel pump timed to inject 
at 28° BTDC. Two percent (by volume) of Castorene 
R30 was added to the ethanol to lubricate the fuel 
pump plunger and the injector needle. Although 
the engine ran, severe m isfiring occurred. The 
peak com bustion pressures were achieved very 
late in the expansion stroke. These problems were 
the direct result of the severe lim itation to 
injection timing advance with the engine fitted 
fuel pump and the non-availability o f long reach 
electrodes on the sparking plug. The injection 
tim ing needs to be advanced significantly to give 
sufficient time for the fuel to vaporise before 
spark ignition. Further, the fuel flow rate needed 
to be increased by a factor o f about two to maintain 
the equivalent rate o f energy transfer. The 
m isfiring experienced was attributed prim arily to 
the fact that the spark plug electrodes did not 
reach sufficiently  into the hem ispherical 
com bustion chamber where the m ixture is rich.
A separate higher capacity Lucas-CAV 
belt-driven pump was installed to give com plete 
flexibility over injection tim ing and NGK supplied 
a series o f long reach spark plugs o f  the type used 
by Japanese autom otive m anufacturers in the ir 
lean bum ing gasoline engines. A set o f long 
reach plugs with 10-30 mm long electrodes in 2 
mm steps was also manufactured specially for use 
in optimising the spark location. With the 
injection timing set at 36° BTDC the engine ran 
noticeably m ore smoothly although occasional 
m isfiring occurred. The perform ance o f the - 
spark-assisted engine bum ing  ethanol was 
compared with that when configured as a diesel 
with gasoil at 2000 rev/min. The brake specific 
fuel consumption, expressed in energy terms as 
gas oil equivalent, as a function o f  brake mean 
effective pressure was com parable. The bsfc with 
ethanol was about 20% higher than that for gas oil 
at the maximum continuous rating, but injection 
and ignition tim ings had not been optimised at this 
s ta g e .
D uring prolonged m nning  the earth 
electrode on a spark plug broke o ff and severely 
damaged the ceram ic insulator. A fter stripping 
the engine to examine the damage it was found 
that loose fragments from the spark plug had 
caused severe impact damage to the piston crown, 
the cylinder head and exhaust valve seating.
Further inspection revealed several cracks on the 
underside o f the cylinder head and overheating 
damage to the piston crown in the vicinity o f the 
inlet valve. The cracks ran from the injector 
tapping to both inlet and exhaust ports crossing 
the valve seats in both cases. A third crack ran 
from the spark plug tapping to the inlet valve seat. 
Consultation with L ister-Petter D iesels confirm ed 
that the cracks resulted from overheating. Cracks 
arc likely to develop in the grey cast iron cylinder 
head if  the metal temperature exceeds 350°C. The 
pow er output o f  this spark-assisted alcohol-fuelled 
engine was thus lim ited by therm al 
considerations. The piston and cylinder head were 
replaced and the head metal tem perature is now 
monitored and lim ited to 350°.
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4.2 Optimisation
The factors listed below are variables in the 
optim isation equation for maximum fuel economy 
in the spark-assisted diesel:
Spark gap; width and location 
Spark plug type 
Spark  energy 
Ign ition  tim ing 
durationIgn ition
In jec tion
In jec tion
In jec tion
pressu re
tim ing
duration
In jec to r spray pattern
There are also physical lim itations restricting the 
operating  envelope, nam ely:
C ylinder head tem perature
Engine speed
M axim um  in-cy linder p ressure
The ignition and the injection timings have
the greatest effects on optimisation. The other 
variables were, therefore, fixed to reduce the 
num ber of possible combinations to a manageable
proportion. The electrode gap was set at 0.5 mm. A
larger gap caused excess electrical noise, which 
resulted in interference on the TTL logic timing 
circuit thereby affecting the ignition timing. The
plug type, NGK BE527YII, was retained throughout 
the optim isation exercise as this proved 
satisfactory during earlier tests. The injector used 
was the standard type for the PHI and no attempt 
was made to increase the nozzle size to 
accommodate the increased flow rate or alter the 
spray pattern. The injection pressure was 
increased m arginally to give good atomisation.
The engine was run with a brake power of 5.6 kW 
at a speed o f 1800 rev/min for all variations in 
tim in g s .
Previous experim entation had established 
the need for a spark duration of 12° CA to reduce 
misfires to a minimum. It is thought that the long 
duration may be required because of the lean state 
o f the m ixture in the direct injection process in 
the  un throttled  engine and the non-hom ogeneous 
nature o f the fuel/air m ixture in the combustion 
chamber, especially in the vicinity o f the spark 
discharge. F urther experim entation with 
different length electrodes may establish an 
optimum location for the spark discharge and 
thereby facilitate a reduction in the spark 
duration. The spark energy was varied during the 
first test run to determine the level required to 
m inim ise cyclic dispersions in cylinder pressure. 
The energy level determined was then fixed and 
used throughout the subsequent tests.
Preliminary optimisation tests were made with 
varying injection and ignition timings to define 
the stable operating range o f timings. The area 
defined extended from 40° to 80° BTDC for injection 
timing and from 16° to 28° BTDC for ignition 
timing. Outside o f this area on the timing map, 
operation was lim ited by the cylinder head metal 
tem perature exceeding 350°C, severe knocking 
with excessive maximum cylinder pressures or 
bum ing continuing late into the expansion 
stroke. Subsequently, optim isation tests were 
carried out with the fuel injection timing varied 
in 10° steps from 40° to 80° BTDC and the ignition 
timing varied in 2° intervals from 16° to 28° BTDC.
At each test point the cylinder pressure was 
recorded at 1°CA intervals for 50 cycles for 
subsequent com bustion analysis.
The effect o f injection and ignition timings on 
maximum fuel economy is shown on the brake 
specific fuel consumption contour map of Fig. 3. 
The optimum brake specific fuel consumption 
achieved was 263 g/kWh (gas oil equivalent ). This 
compares well with the value obtained, 259 g/kWh, 
for the engine configured as a conventional 
diesel. The area o f minimum brake specific fuel 
consum ption occured with injection and ignition 
timings of 50° and 20° to 24° BTDC respectively.
The map shows that ignition tim ing has little 
effect on brake specific fuel consumption in this 
minimum region. This may be attributed to the 
long spark duration which has still to be 
optimised. With the ignition advanced beyond 20° 
BTDC, injection timing has the m ajor influence on 
brake specific fuel consum ption.
4.3 Cyclic Dispersion
In 18 out of the 28 cylinder pressure data files 
some eight-stroking had occurred. This was to be 
expected towards the lim its o f stable operation 
considering the overall equivalence ratio which 
varied from 0.85 to 0.64 and the variation in 
m ixture strength throughout the com bustion 
chamber. The cyclic dispersion in cylinder 
pressure was calculated, from 50 consecutive 
cycles, as:
a = a / p (1)
The variation in the cyclic dispersion o f maximum 
cycle pressure with injection and ignition tim ing 
is shown in Fig. 4. The minimum cyclic dispersion 
o f  about 0.038 occurred with tim ings that 
corresponded with those for optim um fuel 
economy. The engine ran noticeably more quietly 
and more smoothly with an injection tim ing o f 50° 
BTDC and ignition timings in the range 20° to .26° 
BTDC
4.4 Combustion pressure analysis
The pressure rise, attributable to com bustion, at 
each degree o f crank angle was calculated using 
the Rasswieler and Withrow technique (4). In 
the ir original work the com bustion pressure rise 
was correlated to the combustion cham ber volume 
at the ignition tim ing. With the wide variation in 
ignition tim ing used throughout the optim isation 
tests the com bustion pressure rise was correlated 
to  the cylinder clearance volume. An ensemble 
average of the 50 cycles recorded at each test point 
was used in the interests o f economy in computer 
time. The 0-1% combustion pressure rise tim es for 
each timing test point are shown in Table 2 below.
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Table 2
0-1% combustion pressure rise tim es in ms
injection tim ing/OBTDC
80 70 60 50 40
1.7 1.4 1.8 - 1.7 16
1.7 1.5 1.7 1.5 1.7 18
1.7 1.5 1.7 1.5 1.7 20 ig n i t io i
t im in g
1.7 1.5 1.7 1.5 1.6 22 OBIDC
1.6 1.5 1.6 1.5 - 24
1.5 1.4 1.5 1.5 - 26
- 1.4 - - - 28
The 0-1% rise lim e was considered by Johns 
and Henham (5) to be a good indicator o f the initial 
flame establishm ent period, as defined by the 
acceleration o f the flame front becoming positive, 
in their work on lean burning m ethanol-fuelled 
spark-ignition engines. Table 2 shows that 
minimum 0-1% rise times occur at injector tim ings 
of 70° BTDC and also at 50° BTDC. It may be assumed 
that the spark-assisted engine behaves more like a 
m anifold-injected gasoline engine w ith well 
advanced injection tim ings whereas, the effects o f 
a true com pression ignition engine are exhibited 
with injection timings at 50° BTDC and below. 
Further, at the well advanced injection timings 
more fuel was needed. This would give an 
increased overall equivalence ratio and would 
reduce the flam e establishm ent period.
Surface plots, showing the influence of 
injection and ignition tim ings on the 1-50% and 
1-90% com bustion pressure rise tim es, are shown 
in Fig.5 and Fig.6 respectively. Both exhibit 
sim ilar features with long ' bum ing periods for late 
ignition tim ings and early injection. The timings 
for maximum bum  rate correspond to those for 
maximum fuel economy. The hypothesis 
previously advanced that the spark-assisted 
alcohol-fuelled diesel is operating in two distinct 
ways is supported in the surface plots indicating 
the bum ing rate. Both show distinct 'ridges’ at an 
injection timing o f 60° BTDC. At well advanced 
injection tim ings a more nearly homogeneous 
fuel-air m ixture is formed with a low equivalence 
ratio. Bum ing rates are, therefore, low. With late 
injection tim ings the charge is still stratified in 
the vicinity o f the spark and ignition occurs in a 
’fuel rich’ region and bum s with a 
correspondingly h igher flam e speed. Although 
reference has been made to equivalence ratio, this 
param eter is inadequate in defining the nature o f  
the fuel-a ir m ixture in the spark-assisted diesel.
The duration o f the injection period was not 
available during these tests with the result that 
overlap o f the injection period on the ignition 
timing was not quantified. In the most extreme 
case o f injection at 40° BTDC with ignition at 26° 
BTDC it is highly likely that injection continues 
once the flam e has been established by the spark 
d is c h a rg e .
5. CONCLUSIONS
The Fetter PHI diesel was converted to a spark- 
assisted engine to realise a multi fuel capability.
The engine has been tested with direct injection of 
ethanol into the hem ispherical com bustion 
chamber in the piston crown. Power output was 
limited by thermal stressing considerations in the 
grey cast iron of the cylinder head to a metal 
temperature of 350°C. Temperatures in excess of 
350°C cause cracks to develop from the injector 
tapping across both valve seats to the inlet and 
exhaust ports. The brake specific fuel 
consumption, expressed as gasoil equivalent on an 
energy basis, was found to be comparable; about 
1.5% greater than that for gasoil when mn at 1800 
rev/min with a brake load o f 5.6 kW. Optimisation 
tests for maximum fuel economy indicated 
appropriate injection and ignition timings o f 50° 
BTDC and 24° BTDC respectively.
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Summary
Experience has been gained over the past four years of operating a small, stationary, 
direct-injection, diesel engine, with combustion initiated by spark discharge, on ethanol 
and methanol fuels. The injection and ignition timings have been optimised to minimise 
fuel consumption. Combustion performance has beenjanalysed over the operating range.
This paper describes the results obtained using both alcohols and illustrates the ability of 
this fuel-tolerant engine to handle low cetane number fuels. This engine retains the high 
efficiency associated with diesels as it is operating with a high compression ratio and in 
the unthrottled mode. Performance is comparable with that of the same engine operating 
on gas oil in the traditional mode.
1. Introduction - the Problem
The project was undertaken originally to investigate means of utilizing indigenous fuel 
resources in agricultural communities. It was seen as a means of avoiding the problems 
of importing petroleum, at the expense of the balance of payments, into developing 
countries. The most efficient engines are diesel engines, because of their high 
compression ratio and un throttled operation, and this type was chosen as the basis for 
the work. Since the project began a further requirement has appeared in the difficulty 
of meeting proposed U.S. particulate emission legislation when burning gas oil in 
diesel engines.
The most widely available fuels derived from biomass are the alcohols. From the point 
of view of diesel engine combustion there is a problem, however, in the low cetane 
number. This makes it difficult to initiate combustion, especially with the small fuel 
quantities injected at low load. Under these conditions, because of the lack of throttling, 
air quantities are the same as at full load. Some form of assistance is required to provide 
a full load range when using alcohol fuels. Those investigated include fuel additives, 
pilot oil injection, fumigation, emulsions and glowplugs (1).
2. Solution adopted
After examination of the alternatives the approach adopted by the Energy and 
Thermodynamics Research Group at Surrey was to use spark assistance. The 
tradition^ features of the diesel engine, i.e. unthrottled aspiration throughout the load 
range and with all the fuel injected directly into the combustion chamber through a 
standard injector, were retained. It was decided to base the experimental engine on a 
widely used single cylinder air-cooled, direct-injection, four stroke, stationary engine 
- the Fetter PHI.
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Because of the much lower calorific value of alcohol, injection with the original fuel 
pump was required over a longer period and this chang&i the rate of burning beyond 
acceptable limits. For the experimental engine an independent fuel pump was fitted 
with an indexing drive enabling optimisation of injection timing. Tlie ignition system 
gave a high energy, pulsed, spark, the timing and duration of which were controllable.
This equipment was developed specially for this application within the University of 
Surrey. Fuel ignition and data acquisition systems have been described in an earlier 
paper (2). A modified cylinder head, with provision for a long electrode spark plug, 
was manufactured and is shown in figure 1. The combustion analysis technique used, 
required the cylinder pressure to be measured at each degree of crank angle. So an 
encoder was already fitted. This was also used to provide a bottom dead centre 
signal for the ignition timing. The timing of injection could also be checked using 
signals from the encoder since a needle lift transducer was fitted.
Successful operation of the spark-assisted experimental diesel engine on alcohol fuel 
had already been established using this relatively complicated injection and ignition 
equipment. The present test programme was initiated to prove that the engine could 
be develop^ into a production version, able to bum both ethanol and methanol, 
with fixed timings. It should be noted that, with the spark plug hole blanked, 
the engine's ability to bum traditional diesel fuel is retained although the fuel rate 
will not be optimum.
3 Injection and Ignition Optimisation Tests
3.1 Ethanol Tests
The engine test.programme with ethanol was divided into 3 parts.
Prelim in^ tests were made with fuel injection timings varied in 10° steps and spark 
ignition timings varied in 5° steps to establish the envelope of stable operation. The 
engine was mn at a constant speed of 1500 rev/min at a brake power of 4 kW. The 
area of stable operation extended fix>m 40° to 80° BTDC for injection timing and firom 
15° to 35° BTDC for ignition timing. Outside this area operation was limited by 
the cylinder head metS temperature exceeding 350°C, severe knocking with excessively 
high maximum in-cylinder pressures or combustion continuing late into the expansion 
stroke.
A second set of tests were then undertaken within the timing limits established to 
determine the optimum fuel injection timing and spark ignition timing as defined by 
minimum brake specific fuel consumption. The contour plot of the variation of brake 
specific fuel consumption with injectiop and ignition timings using ethanol is shown in 
figure 2. The brake specific fuel consumption is expressed in terms of equivalent gas 
oil consumption on the basis of lower calorific values. The optimum injectionAgnition 
timing was 50°/30° BTDC with a specific fuel consumption of 255 g /k \^  gas oü 
equivalent. This compares favourably with the value of 259 g/kWh obtained at this load 
and speed with gas oil.
In-cylinder pressure data were acquired at each timing setting at 1°CA intervals for 50 
sequential 4-stroke cycles. These data were reduced using the Rasswieler and Withrow 
technique developed by Dye (3) to determine combustion performance. An ensemble 
average of the 50 cycles was used throughout in the interests of computational economy.
A typical pressure-crank angle diagram and derived percentage combustion rise rates and 
percentage cumulative combustion pressure rises are shown in figure 3.
The 0-1%  combustion pressure rise time is considered to be a good indicator of initial 
flame establishment. This parameter is plotted in figure 4 as a contour plot against injection 
and ignition timings over the operating map. Flame establishment is influenced, primarily, 
by ignition timing. With ignition timing retarded from 30° BTDC to 20° BTDC the flame
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establishment period increases from 0.2 ms to 1.2 ms for injection timings under 70° 
BTDC. It may be assumed that at injection timings advancW beyond about 60° BTDC 
the engine operates in the manner of a manifold injected gasoline engine whereas at 
injection timings below this fr^ re  the effects of a true compression ignition engine are 
seen. At the later injection timings the fuel-air mixture in the region of the spark 
discharge is likely to be richer and flame establishment periods are, therefore, shorter.
The exhaust temperatures measured in the optimisation tests are shown in figure 5.
Early injection and late ignition result in slow burning cycles with incomplete 
combustion at exhaust vsdve opening. The exhaust temperatures were 
correspondingly high. The cylinder head metal temperatures exhibited the opposite 
trend thereby confirming slow, late burning cycles which were substantiated by the 
combustion analysis.
The^ÿanol tests were concluded with variable load tests at speeds of 1500,1800 and 
2000 fev/min to determine the variation of brake specific fuel consumption with brake 
mean effective pressure. The results are shown in figure 6 as gas oil equivalent values 
and are compared with those obtained with the engine operating in its original 
configuration as a diesel on gas oil.
Fuel consumption with ethanol was comparable with brake mean effective pressures in 
excess of about 350 kPa. Below this value the curve for ethanol departs substantially 
from that for the engine running on gas oil. This indicates that optimisation at one 
particular load is insufficient and that a further programme is needed to optimise the 
injection and ignition timings at the lower torque values. The problems of ignition of 
alcohol fuels at low loads especially below about 30% Maximum Continuous Rating 
have been identified by other research teams (5). The departure from the original gas oil 
curve below 350 kPa may be attributable to the fact that the fuel-air ratio in the vicinity of 
the ignition source is lower at the lower torque values thereby increasing the flame 
establishment period and reducing flame propagation speeds. Ignition timings may need. 
to be advanced accordingly. EarUer optimisation tests using ethanol with a speed of 1800 
rev/min at a power of 5.6 kW indicated injection and ignition timings of 50° BTDC and 
24° BTDC respectively (4).
3.2 Methanol Tests
The test programme for methanol was intended to follow a similar pattern to that for 
ethanol. Operating limits for injection and ignition timings were established and 
optimisation tests were undertaken at a constant speed of 1500 rev/min and brake load of 4 -. 
kW. Injection timings were varied from 40° to 80° BTDC and ignition timings from 20° to 
40° BTDC, Injector and fuel pump failures, attributed to the corrosive nature of methanol 
and poor lubrication properties, despite the addition of 2% castorene, lead to an incomplete 
programme. The fuel pump piston seized on a number of occasions only to be self-curing 
after a cooling period of about 30 minutes. During the final set of optimisation tests 
methanol leaked across the metal-to-metal seat between the nozzle and injector body. This 
problem recurred with new injectors after a relatively short running period. Both failures 
were restricted to operation with methanol.
The specific fuel consumption - timings contour plot for methanol is shown in figure 7.
The optimum injection and ignition timings for methanol were 50° BTDC and 35° BTDC 
respectively with a minimum brake specific fuel consumption of 240 g/kWh. The 
methanol map is less uniform than that for ethanol and shows two distinct regions.
With ignition advance less than 25° BTDC fuel consumption is reasonably independent 
of injection timing. With ignition advance greater than 25° BTDC injection timing 
appears to be the dominant factor.
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The results obtained from the combustion analysis for methanol were comparable with 
those for ethanol although the burning durations were shorter with methanol in all cases. 
The pressure analysis curves for methanol at the optimum timing are shown in figure 8. 
The combustion analysis indicated two regimes. Early injection produces a weaker, 
more homogeneous mixture at the ignition point whereas later injection results in a 
richer but stratified charge. The initial burning rates were slower in the weaker 
mixtures resulting from early injection.
4. Conclusions
The injection and ignition timings for this spark-assisted, direct injection engine were 
optimised to give minimum brake specific fuel consumption at 1500 rev/min with a brake 
power of 4 kW for both ethanol and methanol. Tests at 3 different speeds with varying 
brake load indicated the need to extend the optimisation work to brake mean effective 
pressures below 300 kPa. In the higher torque ranges the brake specific fuel 
consumption, expressed on the basis of gas oil equivalence, was directly comparable 
to that of the engine running in its original configuration. Injection equipment failed 
with methanol in spite of the addition of 2% castorene to improve the lubrication 
properties.
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The combustion of alcohol fuels in a stationary spark-assisted 
diesel engine
SYNOPSIS This project addressed the need to establish combustion performance data for small stationary 
diesel engines adapted to burn alternative fuels, in particular alcohols. A single-cylinder, direct- 
injection engine, typical of those in use throughout the world for micro-power installations, was adapted 
to spark-assistance as an ignition aid. Injection and ignition timings were optimised to give minimum 
brake specific fuel consumption with ethanol and methanol fuels. Combustion performance data were 
evaluated to determine the effects of these timings on the flame establishment, and burning periods. Work 
is continuing at higher compression ratios and with exhaust gas recirculation to investigate performance 
in the higher load ranges without the use of external aids to initiate combustion.
1 INTRODUCTION
This project, funded by SERC, was instigated to 
address the need to estab lish  com bustion 
perform ance data for small stationary diesel 
engines a ^ p te d  to bum alternative, low cetane 
number, fuels and in particular alcohols. With oil 
reserves declining the concept of a world-wide 
single dominant fuel is unlikely to continue into the 
future and engine manufacturers will need to 
develop engines with a wide fuel tolerance if full 
export potential is to be realised. Alcohols arc 
particularly suited to use in spark-ignition engines 
but before any alternative fuel implementation 
policies are introduced and, if maximum benefit is to 
be derived from them, the problems associated with 
using alcohols in com prcssion-ignition engines 
needs to be overcome.
The diesel engine is inherently more efficient 
than a com parab le sp ark -ig n itio n  engine, 
especially at part load. Consequently it is considered 
to be the most economic engine for future use, 
especially when oil reserves are depleting and fuel 
prices increase. The combustion of alcohol fuels in 
diesel engines, however, presents major problems. 
Alcohols have low cetane numbers and so will not 
ignite spontaneously under the high temperatures 
and pressures found in diesel combustion chambers. 
A cetane number of thirty is considered the lower 
lim it for compression-ignition fuels (figure 1). 
Ethanol and methanol have cetane numbers in 
single figures. (It is recognized, however, that 
cetane number, whilst being an effective criterion 
for the comparison of traditional hydrocarbon fuels, 
is not an appropriate parameter for alternative 
fuels.) With these oxygenates cither cetane number 
improving additives or aids to initiate combustion 
are needed for use in alcohol-fuelled diesel engines.
In common with surface ignition, spark 
ignition provides a way of displacing 1Ô0 % of the 
gas oil with alcohol. The injection system can be 
retained, a spark plug fitted into the combustion 
cham ber and the associated ignition system 
components fitted to the engine. This approach is 
very attractive .as it uses the high energy of 
vaporization o f alcohols and their high octane 
numbers to good advantage. The high compression 
ratio improves the thermal efficiency and positive 
ignition leads to smooth combustion. A spark 
ignition system requires less energy than a glow 
ignition system where electrical energy needs to be 
supplied to the glow plug continuously. The spark- 
assisted diesel was, therefore, considered to be the 
most appropriate for the implementation of alcohol 
fuels.
The spark ignited diesel engine need not be 
smoke limited as alcohols bum with a clean blue 
flame and so engine torque can be increased at low 
speeds, providing the structural and thermal limits 
of the engine are not exceeded. Injection timings 
need to be advanced over those for gas oil to allow 
sufficient time for the vaporized fuel to reach the 
spark plug. Some form of lubricant needs to be 
added to the alcohol to lubricate the injector and 
fuel pump. The original fuel injection equipment 
may need uprating to cope with the larger 
volumetric flow of fuel required since alcohols have 
about 1/2 - 2/3 the specific energy of gas oil.
From the viewpoint of developing countries 
the advantage of requiring a single fuel is of prime 
importance, especially in remote areas. It also 
alleviates the potential problem of untrained staff 
placing the two fuels in the wrong tanks if a dual 
fuel system Is used. The technology associated with 
the spark-assisted diesel need not be complicated 
and m ost people engaged in the engine 
maintenance field would already be familiar with 
the au tom otive type ign ition  system  and 
conventional diesel engine injection equipm ent 
used on such an engine.
The objectives of this research work were to 
develop a diesel engine capable of burning alcohols 
as a fuel, with brake specific fuel consumption (on 
an energy equivalent basis) and power rating 
com parable with the original diesel engine 
specification ' 'and, to analyse the com bustion 
perform ance from experim entally acquired in- 
cylinder pressure data.
2 TEST-BED
discharge at a frequency of 13.2 kHz. This is 
equivalent to one spark at every degree o f crank 
angle with the engine running at 2200 rev/min. As 
the fuel distribution in the direct injection engine 
is unlikely to be homogeneous in the combustion 
chamber, the multi-strike, high-frequency system 
ensues positive ignition. In field applications the 
ignition system would be timed from an opto­
electronic sensor triggered by a timing mark on the 
flywheel. Ignition advance would be varied by 
either mechanical or electronic means.
The engine chosen was a Fetter PHI single-cylinder 
d irect-in jection , air-cooled diesel. It is a 
development from a line of successful engines 
originally designed some forty years ago. The Fetter 
PHI is still in continuous production in the UK and 
has been built under licence in other countries. 
The engine is versatile, in that power may be taken 
off either end of the crankshaft or at half-speed of 
the camshaft. The air-cooled cylinder head 
facilitated easy installation of a pressure transducer 
and a spark-plug.
Table 1 F ette r PHI Specification
B ore/stroke 87.3/110 mm
Swept volume <-659 cm^
Compression ratio 16.5:1
Injection timing 28 Obtdc
Fuel injection pressure 200 bar
Speed range 750-2200 rev/min
Continuous rating gas oil:
Speed 2000 rev/min
P ow er 6.15 kW
Bsfc 277 g/kWh
Several modifications had to be carried out to 
co n fig u re  the eng ine to burn a lcoho l. 
Instrumentation was also fitted to the engine to 
monitor and record its operation. The principal 
requirement for conversion to a spark-assisted 
diesel was the incorporation of an ignition system. 
Taking the applications of this particular design of 
engine into account, namely in rural locations, led 
to the adoption of a philosophy that readily 
available automotive components should be used 
wherever possible. With this particular installation, 
however, a compromise solution was adopted as this 
engine is a research vehicle for evaluating the 
combustion of alcohol and other low cetane number 
fuels. The ignition system designed specifically for 
this project was based on a conventional coil and 
had a high energy m ulti-strike discharge 
capability which may be programmed for ignition 
duration, timing and multi-strike frequency.
Ignition timing and duration were controlled 
through a tim ing in terface which received 
synchronizing signals of bottom-dead-centre and 
each degree of crank angle from an encoder 
mounted on the crankshaft. To enable the multi­
strike system to run at high frequencies the coil 
needed to be re-charged rapidly and a high voltage 
was therefore, applied to the primary windings. 
There was no ballast resistor to limit the current in 
the primary circuit. The primary current was 
sensed and limited to 5 A by means of a power 
transistor. The system can generate a spark
The F etter FH l has a hem ispherical 
combustion chamber machined centrally in the 
piston crown. Fuel is injected at an angle into the 
highly turbulent air motion resulting from the 
squish action. Ideally the spark gap should have 
been located centrally in the combustion bowl to 
ensure ignition in a rich mixture zone and reduce 
the possibility of spontaneous ignition of the end 
gases. The geometry of the cylinder head, 
principally the valves, injector., hole and studs, 
severely limited possible positions for the spark­
plug. Once it was decided to use 14 mm spark-plugs 
to give as wide a range of plugs as possible, only one 
location on the inlet side of the head was suitable. 
The plug was angled into the combustion space at 
45** degrees, through the cooling fins. The spark­
plug electrodes needed to protrude into the piston 
bowl and it was necessary to remove some material 
from the lip of the bowl to give enough clearance 
for the plug electrodes. The removal of material 
from the piston allowed the use of very long reach 
plugs and also improved the air flow around the 
vicinity of the spark discharge. This had a
beneficial effect on reducing cyclic variations. The 
spark discharge position in the com bustion 
chamber can be varied by the use of plugs with 
different reaches. The compression ratio was 
reduced from 16.5:1 to 16.0:1 as a result o f this 
m odification .
Both ethanol and methanol have calorific 
values lower than that for gasoil, about two thirds 
and one half respectively. To compensate for this 
lower energy density a larger volume o f alcohol 
needed to be injected than for gasoil to produce the 
same brake power. The original cam driven fuel 
pump was capable of meeting the increased flow 
over a longer injection period required but the 
injection timing could only be adjusted over a few 
degrees. This adjustment proved to be inadequate 
when commissioning the spark-assisted diesel on 
ethanol. For alcohol fuels the injection had to be 
advanced significantly to ensure adequate mixing 
and vaporization o f the fuel before ignition 
occurred. To meet the requirement for increased
flow rates and facilitate a wide range of injection 
timings, a separate belt-driven fuel pump was 
installed on the test bed. The pump was driven from 
the camshaft with a toothed belt. An indexing 
mechanism was fitted to the pump pulley to enable
the injection timing to be varied over the range of 
120** in 2** intervals.
An inductive needle lift transducer was fitted 
to the injector. This allowed tfie injector needle 
position to be displayed on an oscilloscope which, in 
conjunction with the ignition timing interface, 
enabled the injection timing and duration to be 
determined. A pressure transducer was fitted to the 
engine, mounted deep in the cylinder head. The
transducer was linked to a microcomputer for data 
cap tu re .
3 ETHANOL TESTS
Since the applications of this kind of engine are 
likely to be in stationary installations it was decided 
to optimise the engine for best brake specific fuel 
consumption rather than for maximum power or 
operating flexibility. The engine was run with a 
brake power of 5.6 kW at a speed of 1800 rev/min for 
all variations in injection and ignition timings.
Preliminary optimisation tests were made 
with varying injection and ignition timings to 
define the stable operating range of timings (figure 
2). The area defined extended from 40° to 80° BTD C  
for injection timing and from 15° to 35° BTDC for 
ignition liming. Outside this area on the timing map 
operation was limited by the cylinder head metal 
temperature exceeding 350 °C, severe knocking with 
excessive maximum cylinder pressures or burning 
continu ing  to the exhaust valve opening. 
Consequently, optimisation tests' were carried out 
with the fuel injection timing varied in 10 steps 
from 40° to 80° BTDC and the ignition timing varied 
in 2° intervals from 16° to 28° BTDC. At each test 
point the cylinder pressure was recorded at 1° CA 
intervals for 50 consecutive cycles to be used in 
analysing the combustion characteristics.
The effect o f injection and ignition timings 
on brake specific fuel consumption is shown on the 
contour map in figure 3 The minimum bsfc 
achieved with ethanol as the fuel was 263 g/kWh 
(gasoil energy equivalent). This compares well with 
259 g/kWh, the value obtained with the engine 
burning gasoil. The area of minimum bsfc occurs 
with injection and ignition timings of 50° to 55 and 
20° to 26° BTDC respectively. The map shows that 
ignition timing has little effect on bsfc in this 
minimum region. This may be attributed to the long 
spark duration. With the ignition advanced beyond 
20° BTDC, injection timing has the major influence 
on bsfc.
Power output was limited by thermal 
stressing considerations in the grey cast iron 
cylinder head which was limited to 350 °C  . 
Temperatures in excess of 350 °C caused cracks to 
develop from the injection tapping across both the 
inlet and exhaust valve seats.
4 COMBUSTION ANALYSIS
The combustion performance in the spark-assisted 
d ie se l eng ine was eva lua ted  from  the 
experim entally acquired cylinder pressure data 
using both the Krieger and Borman, and the 
Rassweilcr and Withrow techniques as appropriate. 
Figure 4 shows the effect of injection and ignition 
timings on the 0-1% pressure rise times expressed In 
terms of degrees of crank angle, evaluated by the
Rassweiler and Withrow technique. The 0-1% bum 
period is considered to be representative o f the 
flame kernel establishment period. The slight 
incline of the surface shows that the ignition
timing has more effect on increasing the 0-1% time 
than the injection timing. The flame establishment 
period remains almost constant regardless of the
injection timing, whereas the flame establishment 
period tends to increase as the ignition timing is
advanced. In the early stages of combustion the 
ignition timing is more dominant than the injection
timing in controlling the ignition delay and flame 
estab lishm en t.
Figure 5 shows the effect of injection and 
ignition timings on the 1-90% combustion pressure 
rise times expressed in degrees of crank angle. The 
1-90% period represents the duration o f the 
combustion of the main portion of the charge 
neglecting the delay and flame establishm ent 
periods and the final slower stages of combustion. 
The highest point on the surface is at advanced 
injection timings and retarded ignition timings. At 
these timings the main combustion part o f cycle 
after flame establishment is longest in duration. 
The lowest point occurs at retarded injection and 
advanced ignition timings where the 1-90% time is 
shortest. Injection timing has the main effect 
during this part of the combustion. This orientation 
o f the surface indicates that the 1-90% bum times 
are mainly controlled by the mixture preparation 
period i.e. the time between injection and ignition. 
With a long delay between injection and ignition 
the 1-90% bum period is longer than with a short 
delay. This can be explained by realizing that the 
longer the time between injection and .ignition the 
less stratified and more homogeneous the mixture 
becomes with lower local equivalence ratios. The 
flame speed decreases with falling equivalence ratio 
and the combustion time, therefore, increases.
The effect of the time separating injection 
and ignition on the brake specific fuel consumption 
can be seen in figure 6. There is clearly an 
optimum number of degrees crank angle between 
injection and ignition in order to give the best 
brake specific fuel consumption, namely 20® 
degrees. This suggests that optimisation of brake 
specific fuel consumption is not dependent on any 
particular injection or ignition timing but rather 
on the time taken for preparation of the mixture.
Unlike combustion in a conventional gasoline 
engine where the mass fraction burnt curve is 
characteristjcally a Wiebe curve, some of the 
ethanol tests produced mass fraction burnt curves 
having two distinct phases. The two stage bum 
curves are caused either by an interaction between 
the propagating flame and the fuel plumes or by 
geometrical effects. It is suggested that at short 
mixing times the zones between the fuel plumes are 
so lean that flame propagation occurs by one plume 
spreading toward the centre o f the combustion 
chamber then igniting the other two plumes issuing 
from the three hole injector nozzle.
*i'he flame speed increases as the equivalence 
ratio increases up to the stoichiometric ratio so the 
flame speed would initially be slow owing to the 
leanness of the mixture at the edge of the plume 
(figure 7). The flame speed would increase, 
however, as it envelops the richer centre portions
of the plume. There eventually becomes a point 
where the flame front has reached the centre of the 
combustion chamber. Now the flame has two paths 
along which it can progress and. although the flame 
speed would be the same as when it was consuming a 
single plume, the rate of pressure rise increases 
significantly (approxim ately double) since the 
flame will be consuming twice as much fuel per unit 
time as it previously did. The flame propagation 
velocity will decrease as the front moves away from 
the centre of the combustion chamber and toward 
the tips of the plumes where the local mixture 
strength will lean off.
exhaust gas recirculation system was fitted. 
Preliminary testing indicated that the engine will 
run without spark-assistance when the cylinder 
head metal temperature is in excess of 230 ®C. The 
upper limit on the cylinder head temperature of 350 
®C. however, severely derated the engine to 2.6 kW 
at 1800 rev/min. The use of a cast iron cylinder 
head is not suited to this application. The low 
thermal conductivity with long heat transfer 
transients led to unstable operation and overheating 
with surface ignition and knocking. Further 
modifications are needed, for example a water- 
cooled aluminium head, before this work can be 
continued .
5 METHANOL TESTS
The test programme for methanol was intended to 
follow a sim ilar pattern to that for ethanol. 
Operating limits for injection and ignition timings 
were established and optim isation tests were 
undertaken at a constant speed of 1500 rev/min and 
brake load of 4 kW. Injection timings were varied 
from 40° to 80° BTDC and ignition timings from 20° 
to 40° BTDC. Injector and fuel pump failures, 
attributed to the corrosive nature of methanol and 
poor lubrication properties, despite the addition of 
2% Castorene, led to an incomplete programme. The 
fuel pump piston seized on a number of occasions 
only to be self-curing after a cooling period of about 
30 minutes. During the final set of optimisation tests 
methanol leaked across the metal-to-metal seat 
between the nozzle and injector body. This problem 
recurred with new injectors after a relatively short 
running period.. Both failures were restricted to 
operation with methanol.
The optimum injection and ignition timings for 
methanol were 50® BTDC and 35® BTDC respectively 
with a minimum brake specific fuel consumption of 
240 g/kWh. With , ignition advance less than 25® 
BTDC specific fuel consumption was reasonably 
independent of injection timing. With ignition 
advance greater than 25® BTDC injection timing 
appears to be the dominant factor.
The results obtained from the combustion 
analysis for methanol were comparable with those 
for ethanol although the burning durations were 
shorter with methanol in all cases. The combustion 
analysis indicated two regimes. Early injection 
produced a weaker, more homogeneous mixture at 
the ignition point whereas later injection resulted 
in a richer but stratified charge. The initial 
burning rates were slower in the weaker mixtures 
resulting from early injection.
6 HIGH COMPRESSION CONFIGURATION
Research in the US in the field of alcohol fuel 
technology includes work on diesel engines to meet 
the proposed 1991 emissions legislation for urban 
buses. The methanol fuelled diesel is considered 
likely to meet the required limit for particulates of 
0.134 g/kWh. The Detroit 6V-927A two-stoke diesel 
operates on methanol in the mid to full load range 
without ignition aids. The compression ratio has 
been increased and the scavenging reduced to 
retain a higher level of residual gases in the 
cylinders. With this in mind the Fetter PHI was 
modified to give a compression ratio of 22:1 and an
7 CONCLUSIONS
The Fetter PHI diesel engine was successfully 
converted to a spark-assisted engine giving it a 
multifuel capability. •The engine has been run on 
ethanol and methanol. Changing the engine to 
bum gasoil again can be accomplished simply by 
changing the injection timing. It should be possible 
to burn other low cetane number fuels in this 
en g in e .
Power output was lim ited by therm al 
stressing considerations in the grey cast iron 
cylinder head which was lim ited to 350 ®C.
Temperatures in excess o f 350 ®C caused cracks to 
develop from the injection tapping across both the 
inlet and exhaust valve seats. The engine has been 
extensively tested when running on ethanol to 
optimise the injection and ignition timings, and a 
detailed study of the effect of these two parameters 
on the fuel burning rate has been completed.
It has been proved that a multifuel diesel 
engine can be optimised to give a bsfc when 
running on the new fuel comparable to that for 
gasoil. The bsfc, expressed as gasoil equivalent on 
an energy basis, was 1.5% greater than that for 
gasoil when the engine was run at 5.6 kW, 1800 
rev/min using ethanol as the fuel. Optimisation 
tests for maximum fuel economy indicated  
appropriate injection and ignition timings of 50° 
and 24° BTDC respectively.
Data handling and processing software has 
been written to facilitate the reduction of the in­
cylinder pressure measurements. Two combustion 
models have been used to compute fuel burning 
rates, firstly the Rassweilcr and Withrow technique 
and secondly a 2-zone therm odynamic energy 
balance based on the work by Krieger and Borman.
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.Summary
V e g e t a b l e  o i l  p r o d u c t s  a r e  of  i n c r e a s i n g  i n t e r e s t  a s  s u b s t i t u t e s  f o r  
h y d r o c a r b o n  f u e l s  i n  c o u n t r i e s  w i th  l a r g e  a g r i c u l t u r a l  b a s e s .  M a la y s ia  
has  palm o i l  p r o d u c t i o n  a p p r o a c h i n g  h a l f  t h e  w o r l d ' s  t o t a l  and ,  a l t h o u g h  a 
n e t  e x p o r t e r  o f  p e t r o l e u m ,  i s  i n t e r e s t e d  i n  d e v e l o p i n g  a l t e r n a t i v e  
s o u r c e s .
R e s e a rc h  i n t o  t h e  u t i l i s a t i o n  o f  palm o i l  has  i n c l u d e d  combus t ion  in  
c o n v e n t i o n a l  d i e s e l  e n g i n e s :  l o n g - t e r m  t e s t s  i n  t y p i c a l  v e h i c l e s  and t h e
l a b o r a t o r y  work on s i n g l e - c y l i n d e r  e n g i n e s  which i s  d e s c r i b e d  h e r e .  T e s t s  
com par ing  RED o l e i n  and m e thy l  e s t e r s  d e r i v e d  from palm o i l  w i t h  p e t r o l e u m  
d i e s e l  f u e l  show t h a t  p e r f o r m a n c e  can  be m a i n t a i n e d .  Although c e t a n e  
numbers a r e  somewhat l o w e r  t h a n  p r e s e n t  d i e s e l  f u e l s  t h i s  does n o t  a p p e a r  
t o  c r e a t e  p r o b le m s .
I n t r o d u c t i o n
Although  M a la y s i a  h a s  been  a n e t  p e t r o l e u m  e x p o r t e r  f o r  10 y e a r s ,  t h e  
p r e d i c t e d  e x h a u s t i o n  of  r e s e r v e s  i n  20 o r  30 y e a r s  i f  p r e s e n t  demand 
c o n t i n u e s  has  prompted t h i s  c o u n t r y  t o  look  f o r  o t h e r  f u e l .  S in c e  
v e g e t a b l e  o i l s  a r e  r e n e w a b le  t h e y  have good p r o s p e c t s  as  a l t e r n a t i v e  
f u e l s .  They c o n t a i n  a l a r g e  p r o p o r t i o n  of  c a r b o n .
S t u d i e s  u s i n g  coc o n u t  o i l  f o r  d i e s e l  e n g i n e s  were s u c c e s s f u l  i n  t h e  
P h i l i p p i n e s  ( 1 ) .  The p e r f o r m a n c e  and e m i s s i o n s  c h a r a c t e r i s t i c s  of  
d i e s e l  e n g i n e s  u s i n g  s u n f l o w e r  o i l  and peanu t  o i l  have  a l s o  been s t u d i e d  
( 2 ,  3 ) .
M a la y s i a  i s  a l e a d i n g  p r o d u c e r  of  palm o i l  a c c o u n t i n g  f o r  a bou t  42% of  
world p r o d u c t i o n  and a im ing  t o  i n c r e a s e  t o  60 by 1990.  The l and  a r e a  
d e v o te d  to  palm p r o d u c t i o n  i s  4000 km^. T re es  grow f o r  a bou t  30 y e a r s .
C u r r e n t  r e s e a r c h  i n t o  t h e  use  of  palm o i l  as  a f u e l  i s  a c o l l a b o r a t i v e  
p r o j e c t  be tween t h e  U n i v e r s i t i  T e k n o lo g i  M a la y s ia  (UTM) (m e c h a n ic a l  
e n g i n e e r i n g  a s p e c t s ) ,  U n i v e r s i t i  Malaya  (UK) ( c h e m ic a l  a s p e c t s ) .  Palm 
Oi l  Resea rch  I n s t i t u t e  M a la y s ia  (PORIM) and P e t r o n a s .  The t o t a l  programme 
has a budge t  11.7 m i l l i o n  M a la y s ia n  R i n g g i t ,
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E x p l o i t a t i o n  o f  palm o i l  a s  a d i e s e l  f u e l  would e n a b l e  a r e d u c t i o n  of 
heavy c r u d e  i m p o r t s ,  t h e  i n d ig e n o u s  l i g h t  c ru d e s  b e in g  e x p o r t e d  because  of  
t h e i r  h i g h e r  v a l u e .  I t  may a l s o  e s t a b l i s h  an e x p o r t  m arke t  f o r  pa lm -based 
f u e l s  and f o r  t h e  t e c h n o l o g y  d e v e lo p e d .  S e l f - s u f f i c i e n c y  in  ene rgv  i s  
e n v i s a g e d  f o r  farm c o m p le x es .  T r a n s p o r t  a p p l i c a t i o n s  con Id be i m p o r t a n t  
a s  40% o f  M a la y s i a n  e n e rg y  i s  used f o r  t h i s  pu rp o se  ( 4 ) .  F i e l d  t e s t s  on 
d i e s e l - e n g i n e d  t a x i s  and Land Rovers u s i n g  palm o i l  a r e  i n  p r o g r e s s  
a l o n g s i d e  t h e  work on s t a t i o n a r y  e n g in e s  d e s c r i b e d  h e r e .  Development  of  
p r o c e s s i n g  p l a n t  i s  s i m i l a r l y  t a k i n g  p l a c e  i n  p a r a l l e l  w i t h  the  e n g in e  
r e s e a r c h .  T he re  i s  now a p i l o t  p l a n t  a t  PORIM c a p a b l e  o f  p r o d u c in g  3000 
tonne /a nnum  o f  m ethy l  e s t e r s  f o r  t h i s  programme.
The c o s t  o f  palm o i l  v a r i e s  w i th  t h e  s e a s o n ,  f i n i s h e d  o i l  be ing  c h e a p e r  
t h a n  t h e  raw o i l  b e c a u s e  h igh  v a l u e  b y - p r o d u c t s  a r e  d e r i v e d  from 
p r o c e s s i n g .  Under  c e r t a i n  c o n d i t i o n s  palm o i l  o f  low q u a l i t y  i s  produced 
which h a s  l o w e r  v a l u e  i n  t h e  t r a d i t i o n a l  m a r k e t .
Th is  p r o j e c t  i n v e s t i g a t e d  th e  p o s s i b i l i t y  of  u s i n g  palm o i l  and i t s  
p r o d u c t s  a s  a l t e r n a t i v e  f u e l s  f o r  d i e s e l  e n g i n e s .  The scope  of  work 
i n c l u d e d  t h e  f o l l o w i n g  s t u d i e s :
i )  p h y s i c a l  p r o p e r t i e s  of palm o i l  and palm o i l  d e r i v e d  f u e l s
i i )  p e r f o r m a n c e  o f  d i e s e l  e n g in e s  u s i n g  palm o i l  d e r i v e d  f u e l s
i i i )  e x h a u s t  e m i s s i o n s
\
P r o p e r t i e s  o f  palm o i l  d e r i v e d  f u e l s
Chemical  c o m p o s i t i o n s  of  palm o i l s  i n d i c a t e  t h a t  t h e s e  a r e  a p p r o p r i a t e  
s u b s t i t u t e s  f o r  d i e s e l  f u e l s .  T y p i c a l  c o m p o s i t i o n  r a n g e s  a r e  shown in  
T a b le  I :
C o m p o s i t io n o f  t y p i c a l palm o i l s
C o n t e n t P e r c e n t a g e Chemica l  E q u a t io n
M y r i s t i c 1.1 -  2 .5 CH^(CH2 ) ^ 2 C0 2 H
P a l m i t i c 4 0 .0  -  46 .0 CH3 (CH2 ) j ^ C 0 2 H
S t e a r i c 3 .6  — 4 .6 CH^CCH^)j ^C02H
O l e i c 3 9 .0  -  45 .0 CH3 (CH2 ) 7 CH=CH(CH2 ) 7 C0 2 H
L i n o l e i c 7 .0  -  11.0 CH3 ( CH2 )^CH=CHCH^CH=CH(CH2 ) 7  CHCO2 H
R e l e v a n t  p h y s i c a l  p r o p e r t i e s  of  p r o d u c t s  of  palm o i l  a r e  compared w i th  
th o se  o f  c o n v e n t i o n a l  d i e s e l  f u e l  s p e c i f i c a t i o n  i n  M a la y s i a  in  T a b l e  2 .  
They were  d e t e r m i n e d  a c c o r d i n g  to  ASTM m ethods .  I t  w i l l  be s e en  t h a t  t h e  
palm o i l  f u e l s  a r e  s l i g h t l y  more dense  but  of  lower c a l o r i f i c  v a l u e .  The 
somewhat lower  c e t a n e  number s hou ld  no t  be s i g n i f i c a n t  f o r  many 
a p p l i c a t i o n s  and t h a t  of  the  methyl  e s t e r s  i s  c o m p a rab le  w i th  a v e r a g e  US 
v a l u e s  ( 5 ) .
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T a b le  2 :  P h y s i c a l  p r o p e r t i e s  o f  palm o i l  and p e t r o l e u m  d e r i v e d
f u e l s  f o r  d i e s e l  e n g i n e s
P r o p e r t y P e t r o l e u m RED Methyl  e s t e r s
D i e s e l O l e i n from c r u d e  p a l
S p e c i f i c
G r a v i t y 0 .827 0 .912 0 .8 7 8
K i n e m a t ic
v i s c o s i t y / c S t 3 .3 3  (40®C) 6 .3 6  (28®C) 4 .7 3  (40®C)
Pour p o i n t / ° C 12 - 15
F l a s h  p o in t /® C 76 - 160
D i s t i l l a t i o n / ® C  
I n i t i a l  BP 185 215 ■ 310
10% 223 298 323
20% 244 - 324
50% 281 318 328
90% 368 326 342
F i n a l  EP 403 337 347
C e ta n e  No. 58 38 48
C a l o r i f i c
v a l u e / k J / k g 46190 39750 39357
k j / l i t r e 38200 36252 34555
RED o l e i n  i s  a r e f i n e d ,  b l e a c h e d  and d e o d o r i s e d  form o f  palm o i l  commonly 
used as  c o o k in g  o i l .  Methyl  e s t e r s  a r e  p roduced from palm o i l  by 
t r a n s e s t é r i f i c a t i o n  p r o c e s s e s  ( 6 ) .  T h i s  a l l o w s  t h e  more v a l u a b l e  
components  o f  t h e  c r u d e  palm o i l  t o  be used f o r  premium p u r p o s e s  so  
r e d u c i n g  t h e  f e e d s t o c k  c o s t .
E n g in e s  and T e s t  Equipment
I n i t i a l  t e s t s  on RED-Olein were conduc te d  on a R ic a rd o  E-6 v a r i a b l e -  
c o m p r e s s io n  r e s e a r c h  e n g i n e  and on a L i s t e r  8 /1  t y p i c a l  of  s i n g l e - c y l i n d e r  
e n g i n e s  used  f o r  s t a t i o n a r y  power i n  a g r i c u l t u r a l  c o m m u n i t i e s .
More r e c e n t l y  t e s t s  have been c o n d u c te d  on methyl  e s t e r s  u s i n g  a n o t h e r  
s i n g l e - c y l i n d e r  e n g i n e  t y p i c a l  of  t h o s e  used l o c a l l y  -  a Yanmar TF 80 .  
Engine d a t a  i s  g i v e n  i n  T a b l e  3 .
T a b le  3:  Eng ine  d a t a  
Type 
C o o l in g
Swept v o l u m e / l i t r e  
Bore/mm 
St  roke/mm 
Com press ion  r a t i o  
Fue l  i n j e c t i o n  
Nominal power 
ou tp u t /k W
a t  r e v / m in
R i c a r d o  E—6 
S i n g l e  C y l i n d e r  
4—s t r o k e
Water  
0 .507  
76 
1 1 1
22 Max 
d i  r e c t
9
2000
L i s t e r  8 /1
S i n g l e  C y l i n d e r
4—s t r o k e
Water
1.433
114.3
139.7
d i r e c t
6
850
Yanmar TF 80 
S i n g l e  C y l i n d e r  
4—s t r o k e  
Water
0 .437  
80 
87
d i r e c t
5 .2
2200
15
Test results:
Tests on Ricardo E—6 engine
T e s t s  were c o n d u c te d  w i t h  no m o d i f i c a t i o n  to  t h e  e n g in e  o r  i n j e c t i o n
eq u ip m e n t .  I n j e c t i o n  t i m i n g s  f o r  bo th  d i e s e l  f u e l  and RBD o l e i n  were 
v a r i e d  and t h e  optimum v a l u e  f o r  bo th  found to  be 38® b e f o r e  TDC. At t h e  
optimum t i m i n g  the  power o u t p u t  was found to  be m a r g i n a l l y  g r e a t e r  a t  a l l  
sp e ed s  t h a n  f o r  d i e s e l  f u e l  ( F ig  1) bu t  t h e  t he rm al  e f f i c i e n c y  was lower 
a t  the  h i g h e r  powers  ( F i g  2 ) .
Tests on Lister 8/1 engine
Again no m o d i f i c a t i o n s  were made b e f o r e  t e s t i n g  d i f f e r e n t  f u e l s .  The 
power o u t p u t  c u r v e  was found to  be common f o r  d i e s e l  f u e l  and RBD o l e i n  
b u t ,  a s  f o r  t h e  R i c a r d o  e n g i n e ,  t he rm a l  e f f i c i e n c y  was somewhat lower 
( F ig  3 ) .  With t h i s  e n g i n e  a d d i t i o n a l  t e s t s  were c o nduc te d  u s i n g  b l e n d e d
f u e l s  c o m p r i s i n g  RBD o l e i n  w i t h  25%, 50% and 75% d i e s e l  f u e l .  R e s u l t s  o f
t h e s e  t e s t s  show t h a t  t h e  same power o u t p u t s  can be o b t a i n e d  w i th  a l l  
b l e n d s  from 0 t o  100% d i e s e l  f u e l  w i th  t h e  m i x t u r e s  showing s l i g h t l y  
b e t t e r  f u e l  c o n s u m p t io n  t h a n  e i t h e r  f u e l  by i t s e l f .  Exhaus t  gas  a n a l y s i s  
showed t h a t ,  f o r  t h e  same power ,  the  a i r  f u e l  r a t i o  was much h i g h e r  u s i n g  
d i e s e l  f u e l ,  t h e  palm o i l  b e in g  much c l o s e r  to  s t o i c h i o m e t r i c ,  s u g g e s t i n g  
a ve ry  modes t  r a t i n g  o f  t h e  o r i g i n a l  d e s i g n .  In n e i t h e r  c a s e  was 
s i g n i f i c a n t  CO p r e s e n t .
Tests on Yanmar TF 80 engin^
T h i s  e n g i n e  was used t o  t e s t  methy l  e s t e r s  d e r i v e d  from palm o i l  a g a i n s t  
the b a s e l i n e  p e r f o r m a n c e  o f  d i e s e l  f u e l .  The e n g i n e ,  b e in g  of  s t a n d a r d  
p r o d u c t i o n  t y p e ,  had f i x e d  t i m in g  and rack  s e t t i n g s .  Pump d e l i v e r y  t e s t s  
conf i rm ed  t h a t  t h e  volume d e l i v e r e d  p e r  s t r o k e  was s i m i l a r  on bo th  f u e l s  
g i v i n g  d i e s e l  f u e l  a power a d v a n ta g e  of  10% i n  te rms  o f  c a l o r i f i c  v a l u e  
pe r  u n i t  volume ( s e e  T a b l e  2 ) .  Th is  i s  conf i rm ed  i n  the  power o b t a i n a b l e  
f o r  a g i v e n  s p e e d .  S u i t a b l e  a d j u s t m e n t  t o  t h e  i n j e c t i o n  equ ip m en t  s h o u ld  
r e c t i f y  t h i s .  F ig  4 shows t h a t  the b rake  the rm a l  e f f i c i e n c y  of  t h i s  
e n g in e  r u n n in g  on m e thy l  e s t e r s  i s  b e t t e r  t h a n  on d i e s e l  f u e l  t h r o u g h o u t  
the  r a n g e .
Although o t h e r  e m i s s i o n s  r e s u l t s  w i l l  be a v a i l a b l e  from t h i s  programme 
i n i t i a l  r e a d i n g s  a r e  o f  smoke.  D i e s e l  f u e l  e x h i b i t s  lower  smoke numbers  
a t  low m e p ' s  b u t  pe a ks  a t  a h i g h e r  v a lu e  than  f o r  m ethy l  e s t e r s .  I t  
a p p e a r s  u n l i k e l y  . t h a t  smoke would l i m i t  the  o u t p u t  on the  l a t t e r  f u e l  
( F ig  4 ) .
Conclusions
These p r e l i m i n a r y  r e s u l t s  s u g g e s t  t h a t  palm o i l  i s  a v a l u a b l e  s o u r c e  of  
f u e l s  f o r  d i e s e l  e n g i n e s .  Although  the pa pe r  on ly  d e a l s  w i t h  s i n g l e  
c y l i n d e r  s t a t i o n a r y  e n g i n e s ,  o t h e r  work in  p a r a l l e l  i n d i c a t e s  t h a t  
a u to m o t iv e  d i e s e l s  w i l l  run s a t i s f a c t o r i l y  on palm o i l  based  f u e l s .  Small  
volume d e l i v e r y  a d j u s t m e n t s  a r e  r e q u i r e d  i f  e q u a l  power i s  t o  be 
o b t a i n e d . The s l i g h t l y  lower  c e t a n e  number does not a p p e a r  t o  c r e a t e  
prob lems in  t h e  type  o f  e n g i n e  d e s c r i b e d  and no co ld  s t a r t i n g  prob lems 
have been e x p e r i e n c e d .
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ABSTRACT
Readily available supplies o f palm oil in Malaysia, at a time when petroleum prices were high, provided the 
incentive for its exploitation as a resource for engine fuel production. Experimental work comparing the power 
output, efficiency and exhaust emissions of engines using petroleum and palm oil based fuels is reported. This 
shows that methyl esters derived from palm oil exhibit similar thermal efficiency, reduced smoke at high loads 
and lower CO and NOx emissions throughout the load range when compared with diesel fuel. Some injector 
fouling problems have been encountered.
INTRODUCTION
Since the year 1972 Malaysia has been the world's largest producer of.palm oil, most of which is exported. With 
increasing production and a not unlimited export market, alternative uses offer potential for import substitution. 
Malaysia has petroleum reserves which could satisfy 20 or 30 years current domestic demand. Foreign currency 
earnings could arise from the use o f palm oil products locally, thus releasing indigenous light crude petroleum 
for export and avoiding heavy crude imports.
Palm Oil Production
Malaysia produces over 70% of the world’s palm oil which amounts to 3.7 million tonnes from 14 000 km^ o f  
cultivated land. Species o f palm nut have been developed which produce a high oil yield o f about 25-28% o f the 
mass o f the bunch of fruit.
Palm Oil Processing
It is possible to use crude palm oil (CPO) in diesel engines. A demonstration vehicle, a VW Golf with 3- 
cylinder ELKO engine, has been successfully operated on crude palm oil suitably heated to reduce viscosity. It is 
regarded as more practicable to base the majority o f work on those fuels derived from palm oil that can be used 
without special adaptation of the engine or fuel storage and supply systems.
The first experiments on small stationary engines (1) were conducted using Refined, Bleached and 
Deodorised Olein (RBD Olein) which was readily available from existing edible oil processing plant. Further 
exploration o f the possibilities o f using palm oil derived products have shown that ethyl and methyl esters can be 
produced. There are advantages in this course o f action since the transestérification process can convert separated 
high melting point components o f  the crude palm oil leaving those o f lower melting point for use as edible oils. 
Using a catalyst and alcohol (which may also be derived from biomass) this fraction, largely palmitic and stearic 
glycerides, is converted to monoesters with glycerol as a valuable by-product.
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Economics of this process depend upon fluctuating world prices for the raw materials by comparison 
with the by-products and of petroleum based fuels but a report (2) suggests that it could result in a cheaper fuel 
than diesel even without giving credit for by-product.
Properties of Fuels
Chemical composition o f typical Malaysian palm oils, shown in Table 1, makes them suitable bases for engine 
fuel production, comprising a large proportion of carbon and hydrogen.
TABLE 1
Composition of typical palm oils.
Component percentage chemical equation
Myristic 1.1 - 2.5 CH3(CH2)i2C02H
Palmitic 40.0 - 46.0 CH3(CH2)i4C02H
Stearic 3.6- 4.6 CH3(CH2)i6 CO2H
Oleic 39.0 - 45.0 CH3(CH2)7CH=CH(CH2)7C02H
Linoleic 7.0 - 11.0 CH3(CH2)4CH=CHCH2CH=CH(CH2)7CHC02H
The physical properties of palm oil derived fuels are compared with those o f traditional diesel fuel in 
Table 2, having been determined by ASTM methods. Recent CFR engine tests have shown that the cetane 
number is higher than less precise methods had earlier suggested and that it is now comparable with diesel fuel. 
This should be regarded as the single most significant property.
The higher specific gravity of methyl esters compared with petroleum diesel means that the 15% lower 
calorific value by mass becomes only a 10% reduction by volume. Since diesel injection equipment meters by 
volume, the maximum fuel delivery without modification is effectively reduced by 10%. This is only o f effect 
in the maximum, over-design power, region. At other loads, however, it will reduce the rate o f injection of 
energy into the combustion chamber since most diesel engines are governed by length o f injection rather than by 
volume flowrate. Other noteworthy differences in properties are the much higher flashpoint of methyl esters, 
the much narrower boiling range and the slightly higher pour point. The latter, at 15°C for methyl esters, is not 
a problem in SE Asia though it would be in more temperate climates.
TABLE 2
Physical properties of typical palm oil products compared with those of petroleum diesel fuel.
Property Petroleum
Diesel
RBD
Olein
Methylesters 
from CPO
Specific gravity 0.827 0.912 0.878
Kinematic Viscosity/cSt 3.33 6.36 4.73
(at40°C) (at28°C) (at40°C)
Pour point/ °C 12 - 15
Flash point/ 76 - 160
Distillation/°C
Initial BP 185 215 310
10% 223 298 323
20% 244 - 324
50% 281 318 328
90% 368 326 342
Final BP 403 337 347
Cetane no. 58 38 60
Calorific value/
kJ/kg 46 190 39 750 39 357
kJ/litre 38 200 36 252 34 555
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RESEARCH PROGRAMME
The programme, of which the tests reported form a part, is o f  a collaborative national nature. Work on chemical 
aspects is undertaken by Universiti Malaya (UM). production aspects by the Palm Oil Research Institute of 
Malaysia (PORIM) and engine applications by the Universiti Teknologi Malaysia (UTM). There is also an 
input from Petronas, the Malaysian national oil company. In carrying out its part o f the project, PORIM has 
built a pilot plant capable o f  producing methylesters at 3000 tonne/annum. Engine test work at UTM has 
involved a research engine, Ricardo E6, a traditional slow-speed single-cylinder Lister stationary engine and a 
lightweight modem single-cylinder Yanmar stationary engine. Additional to this investigation o f engines used 
in agricultural applications has been a study of small automotive diesels. This has involved laboratory tests on 
an Isuzu engine and field trials on small fleets of taxis in Kuala Lumpur and four-wheel drive vehicles used in 
palm oil producing areas. This part of the programme is important since about 40% of primary energy use in 
Malaysia is for transport (3). The engine research programme includes performance plotting, fuel 
consumption and exhaust emissions analysis. There have also been inspections of components for any adverse 
effects o f chemical properties o f vegetable oils on standard materials used in engines.
TEST FACILITIES
Laboratory facilities at UTM are available for performance trials on a number of engines. In addition an exhaust 
gas analysis unit is available for application to any of these.
Yanm ar TF80 Engine
Typical o f recently-built small stationary engines used in SE Asia is this single-cylinder, water-cooled, four- 
stroke engine. The engine has a direct injection combustion chamber, shown in Fig 1, incorporating a slightly 
offset toroidal combustion chamber set in the piston.
Heat insulator
Drotector
Figure 1. Combustion chamber of direct-injection Yanmar TF80 engine. The injector nozzle is
surrounded by an insulator
The major specification items for this engine are :
bore
stroke
swept volume 
compression ratio 
injection timing 
continuous 
rated output 
(diesel fuel)
1 hour rated output 
(diesel fuel)
80 mm 
87 mm 
0.437 litre 
18
13.5  ^btdc 
5.6kW
2400 rev/min 
6.3kW
2400 rev/min
No engine modifications were undertaken and injection timings and rack setting were as standard for this 
engine when using petroleum diesel fuel. The engine drives an electrical dynamometer.
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T E S T  R E S U L T S
Comparative tests were conducted on the Yanmar engine described using standard Malaysian diesel fueband 
methyl esters processed from crude palm oil.
P erform ance
Brake specific fuel consumption, corrected to diesel fuel equivalent, is plotted against brake mean effective 
pressure in Fig 2. It can be clearly seen that the engine has a performance on each fuel which is almost identical. 
There appears to be no penalty in using palm oil derived methyl esters instead o f diesel fuel, other than the 
slightly lower maximum output caused by volume limitation on the fuel pump delivery. This results in a 
smaller maximum energy delivery for methyl esters because o f the lower energy per unit volume compared with 
diesel fuel.
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Figure 2. Brake specific fuel consumption on diesel fuel basis
Em issions
Trials o f the engine with gas analysis equipment continuously monitoring the exhaust composition were 
undertaken in the laboratory. The results arc illustrated in Fig 3.
The CO is consistently lower with methyl esters than with diesel fuel near full load the sharp increase 
of the diesel fuel trial was not repeated with methyl ester. NOx concentrations followed similar curves for both 
fuels,that for methyl esters being 10-12% lower. Smoke level is about 25% better throughout the range with 
methyl esters. Only the curves for unbumed hydrocarbons exhibit a more complex relationship, the diesel fuel 
curve surprisingly falling towards full load while that for methyl esters incrciises with load.
Overall exhaust emission results can be considered favourable to the use of methyl esters from crude 
palm oil.
P hysica l E ffects
Care has to be taken in the choice of materials used in the fuel systems when vegetable oils are used. Certain 
plastics and rubbers harden or swell and can even dissolve. Metal parts are not usually affected. In these tests on 
the direct-injection engine some coking of the nozzle was experienced but deposits have not been a problem in 
field trials over extended periods with indirect-injection automotive engines.
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Figure 3 Exhaust emissions. bmep
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CO N CLU SIO N S
The trials conducted so far indicate that methyl esters derived from crude palm oil provide an excellent substitute 
for petroleum fuels in a standard small stationary diesel engine. Efficiency appears to be unaffected and, for 
almost all pollutants, exhaust emissions are improved. On further investigation it expected that a means of 
preventing excessive carbon deposits on the injector nozzle will be developed. Fuels o f the type tested could 
substitute for imported petroleum in many developing countries. Similar results have been obtained from an 
indirect injection automotive diesel, again with reduction in smoke (4).
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S Y N O P S IS  Fuels produced by the refining of  petroleum crudes are not locally available in all countries 
and so often require the use of  foreign currency which may create balance o f  payments problems. A 
wider range o f  liquid fuel characteristics than has been employed traditionally would result if  other 
sources were to be used for their production. The paper discusses the effect on combustion in small 
stationary diesel engines o f  variations in properties from those of  petroleum diesel fuels. Experience 
with a combustion system developed for oxygenate fuels and of the use of  vegetable fuels in unmodified 
diesel engines is described.
1 IN T R O D U C T I O N
The two parallel programmes o f  work, parts o f  
which are described in this paper, originated at a 
time o f  high crude oil prices. Many developing  
countries had no indigenous oil reserves and, for 
these, precious foreign currency was required to 
provide fuel for transport, agriculture and other 
essential services. Even where some oil was 
produced, this was seen as an export opportunity 
and any substitution released it for this purpose. 
On the other hand agricultural land was in 
plentiful supply, in many o f  these countries, and 
new uses for this and the additional employment 
provided would lead to a welcome improvement in 
their economies. Some vegetable matter yields oil 
as a natural product while, for other crops, a fuel 
is produced by distillation. Agricultural 
equipment in these situations often uses small diesel 
en gines ,  cither to generate electr icity  in the 
absence o f  mains supply in outlying areas or 
directly for water pumping, milling, grinding etc.
2 P A L M  O IL
2.1 Palm oil production and processing 
Malaysia has some oil reserves which, at the time 
this programme began, had a potentially high value 
for export, especially to Japan. It produced over 
70% o f  the world's palm oil which amounts to 3.7 
million tonnes from 14 000 km^ o f  cultivated land. 
S p e c ie s  o f  palm nut have been developed ,  
specifically as a fuel source, which produce a high 
oil yield o f  about 25-28% of  the mass o f  the buneh 
of fruit. This is a good example of  the cffieient 
developm ent o f  energy b iom ass rather than 
accepting what is left over from other uses.
It is possible to use crude palm oil (CPO) in 
diesel engines. To provide evidence and for public 
relations a demonstration vehicle, a VW  G olf  with 
3 -ey l in d er  ELKO en g in e ,  w as su c c e s s fu l ly  
operated on crude palm oil suitably heated to 
reduce v isc o s ity .  It is regarded as more  
practicable to base the majority o f  work on those 
fuels derived from palm oil that can be used  
without special adaptation o f  the engine or fuel 
storage and supply systems.
The first experiments on small stationary 
en g in es  (1)  were conducted  using R efin ed ,  
Bleached and Deodorised Olein (R B D  Olcin)  
which was readily available from existing edible  
oil processing plant. Further exploration o f  the 
possibilities o f  using palm oil derived products  
have shown that ethyl and methyl esters can be 
produced. Tliere are advantages in this course of  
action since the transestérification process can  
convert separated high melting point components  
o f  the crude palm oil leaving those o f  lower  
melting point for use as edible oils . U sing  a 
catalyst and alcohol (which may also be derived  
from biomass) this fraction, largely palmitic and 
stearic glycerides, is converted to monoestcrs with 
glycerol as a valuable by-product. As part o f  a 
co-operative research programme between  the 
M alaysian Government, universities,  research  
centres and the national oil company, the Palm Oil  
Research Institute (PORIM) has built a 3 0 0 0  
tonne/annum pilot plant to produce methyl esters. 
This both proves the processing and provides  
sample output for experimental work on utilization 
and even for fleet trials.
Econom ics o f  this process depend upon  
fluctuating world prices for the raw materials by
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comparison with the by-products and o f  petroleum  
based fuels but a report (2 ) suggests that it could 
result in a cheaper fuel than diesel oil even without 
giving credit for by-product.
2 .2  Properties o f  fuels
Chemical composition o f  typical Malaysian palm 
oils, shown in Table 1, makes them suitable bases  
for engine fuel production as they comprise a large 
proportion o f  carbon and hydrogen.
The physical properties o f  palm oil derived 
fuels are compared with those of  traditional diesel 
fuel in Table 2, having been detenuined by ASTM  
methods. Recent CFR engine tests have shown  
that the cetane number is higher than less precise 
methods had earlier suggested and that it is now  
comparable with diesel fuel. This should be
regarded as the single most significant property 
although it is not clear that present methods  
accurately rale non-hydrocarbons.
Tlie higher specific gravity o f  methyl esters 
compared with petroleum diesel means that the 
15% lower calorific value by mass becomes only a 
10% reduction by volume. Since diesel injeetion 
equipment meters by volume, the maximum fuel 
energy delivery without modification is effectively  
reduced by 10%. This is only o f  effect in the 
maximum, over-design power, region. At other 
loads, however, it will reduce the rate of  injection 
of energy into the combustion chamber since most 
diesel engines are governed by length of  injection 
rather than by volume (lowrate. It is not thought 
that the 10% longer injection period would present 
problems over the normal load range. Other 
noteworthy differences in properties are the much
T A B L E  1 
Composition of  typical palm oils.
Component percentage chemical equation
Myristic 1.1 - 2.5 CH 3(CH 2)12C02H
Palmitic 40.0 - 46.0 CH3(CH2)14 C0 2 H
Stearic 3.6 - 4.6 CH 3(CH 2)16C02H
Oleic 39.0 - 45.0 Cl 13(C112)7C11=C11(C1-12)7C0211
Linoleic 7 .0  - 11.0 Cl 13(C112)4 C11=C1 ICl 12C11=CM(C112)7C1 ICO211
T A B L E  2
Physical properties o f  typical palm oil products compared with those of petroleum diesel fuel.
Property Petroleum RBD Methylesters
Diesel Olein from CPO
(Malaysia)
Specific gravity 0.827 0.912 0.878
Kinematic Viscosity/cSt 3.33 6.36 4.73
(at 40°C) (at 2 8 = 0 (at 4 0 = 0
Pour point/ °C 12 - 15
Flashpoint/ °C 76 - 160
Distillation/°C
Initial BP 185 215 310
10% 223 298 323
2 0 % 244 . 324
50% 281 318 328
90% 368 326 342
Final BP 403 337 347
Octane no. 58 38 60
(typical)
Calorific value/
MJ/kg 46.2 39.8 39.4
MJ/litrc 38.2 36.3 34.6
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higher flashpoint o f  methyl esters, the much  
narrower boiling range and the slightly higher 
pour point. The latter, at 15°C for methyl esters, 
is not a problem in SE Asia though it would be in 
more temperate climates.
2.3 Research nroaramme.s 
Engine test work, based at the Univers iti  
T ek n o log i  M alaysia (U T M ),  has in volved  a 
research engine, Ricardo E6 , a traditional s low-  
speed single-cylinder Lister stationary engine and a 
l igh tw e igh t  m odern s in g le -c y l in d e r  Yanm ar  
stationary engine. Additional to this investigation 
of  engines used in agricultural applications has 
l)cen a study o f  small automotive diesels. 'Hiis has 
involved laboratory tests on an Isuzu engine and 
field trials on small fleets o f  taxis in Kuala 
Lumpur and four-wheel drive vehicles used in 
palm oil producing areas. This part o f  the 
programme is important since about 40% of  
primary energy use in Malaysia is for transport
(3).
The engine research programme includes  
perform ance p lott ing , fuel consum ption  and 
exhaust emissions analysis. Tliere have also been  
inspections o f  components for any adverse effects  
o f  chem ica l properties o f  vegetable o ils  on 
standard materials used in engines. Laboratory 
facilities at UTM are available for performance  
trials on a number o f  engines. In addition an 
exhaust gas analysis unit is available for application 
to any o f  these.
Typical o f  recently-built small stationary 
engines used in SE Asia is the Yanmar TF80  
single-cylinder, water-cooled, four-stroke engine. 
The engine has a direct-injection com bustion  
chamber, shown in Fig 1, incorporating a slightly  
offset toroidal com bustion chamber set in the 
piston. The major specification items for this 
engine are :
cycle
combustion chamber 
bore and stroke 
swept volume  
compression ratio 
injection, timing 
continuous rated output 
(diesel fuel) 
brake specific fuel consumption at this 
output 246 g/kWli
four-stroke  
direct-injection  
80 m m  X 87 m m  
0.437 litre 
18:1
13.5° btdc 
5.2 kW 
22 0 0  rev/m  in
No engine modifications were undertaken 
and injection timings and rack setting were as 
standard for this engine when using petroleum  
diese l fuel. The engine drives an clectrieal  
dynamometer.
2.4 Engine test results
Comparative tests were conducted on the Yanmar 
engine described using standard Malaysian diesel 
fuel and methyl esters processed from crude palm  
oil.
Brake specific fuel consumption, corrected  
to diesel fuel equivalent, is plotted against brake 
mean effective  pressure in Figure 2. It can be 
clearly seen that the engine has a performance on 
each fuel which is almost identical. There appears 
to be no performance penalty in using palm oil  
derived methyl esters instead o f  diesel fuel, other 
than the slightly lower maximum output caused by 
volume limitation on the fuel pump delivery. This 
results in a smaller maximum energy delivery for 
methyl esters because o f  the lower energy per unit 
volume compared with diesel fuel.
Trials o f  the engine with gas analysis  
equipment continuously monitoring the exhaust  
com position were undertaken in the laboratory. 
'Hie CO is consistently lower with methyl esters 
than with diesel fuel. The sharp increase near full 
load o f  the diesel fuel trial was not repeated with 
methyl ester. NOx concentrations followed similar 
curves for both fuels,ihat for methyl esters being  
10-12% lower. Sm oke level is about 25% better 
throughout the range with methyl esters. Figure 3 
shows the smoke values for each fuel as this is 
probably the most significant emission comparison 
for small diesels. Other emission values have been 
published in reference (4).
Overall exhaust em iss ion  results can be 
considered favourable to the use o f  methyl esters 
from crude palm oil.  As with many alternative 
fuels care has to be taken in the choice o f  materials 
used in the fuel systems when vegetable oils are 
used. Certain plastics and rubbers harden or swell  
and can even dissolve. Metal parts are not usually 
affected. In these tests on the direct-injection  
engine some coking o f  the nozzle was experienced  
but these do not appear to have affected spray 
formation. Deposits have not been a problem in 
field trials over extended periods with indirect- 
injection automotive engines.
3 .  A L C O H O L S
3 .J—Alc.Qlio.LpiPducilon.-and pi.c>ggssiiig 
A lcoh o ls  for engine fuels are generally  either  
methanol or ethanol. Methanol may be produced 
from natural gas, coal or wood and so can be a 
m eans o f  converting  gaseous or solid  fo ss il  
resources into liquid fuels suitable for engines.  
Ethanol is produced by the fermentation and 
distillation o f  biomass. Both arc recognized as 
attractive alternatives to oil derived  fuels for 
stationary and automotive engines.
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Table 3
Fuel Gasoline Gas oil 
4-star US 4040 A1 BS 2869
Methanol Ethanol
Formula C4 to C i 2 C 1 4 - C 1 9 CH3OH C2 H5OH
hydrocarbons hydrocarbons
Calorific value
MJ/kg (net) 43.8 42.5 19.9 27.2
MJ/litre (net) 32.4 35.7 15.8 21.5
Mean molecular mass 114 236 32 46
Research octane no. 97 na 114 111
Cetane no. 20 50 3 8
(minimum)
Spon. ign. temp ©C 312 245 470 400
Stoichiometric air-fuel ratio 14.6 14.8 6.46 8.94
Flammability range:
% vol of  fuel in air 1-6 1-5 7-35 4-19
A/1" ratio (mass) 25-4 21-3 13-2 14-3
Equivalence ratio 0.6-3.8 0.7-4.9 0.5-3.2 0.6-3 .3
3.2 Prononics of  nlcohol.s
The propcnies of alcoiiol fuels which are relevant 
to their use in intcrnal-combustion engines are 
shown in Table 3. It will be seen from this table 
that alcohols have a much lower energy per unit 
volume or per unit mass than hydrocarbon fuels. 
This is not a major disadvantage if the production 
facilities are close to the point of  use as they could 
be when powering agricultural equipment is the 
requirement. It does, however, necessitate  
modification o f  the fuel system o f  any engine in 
which it is used, either spark-ignition or diesel.  
The high octane ratings are, o f  course, an 
advantage for spark-ignition engines in which their 
use is w ell  known, either as neat fuels or as 
extenders and octane rating enhancers for gasoline 
(replacing lead alkyls). Since for diesel engines  
the operation depends upon the short ignition delay 
o f  fuels with high cetane numbers, there arc 
serious problems in using alcohols with ratings in 
single figures for this type o f  engine.
3.3 Research programmes
Consideration was given to means whereby diesel 
e n g in es ,  with their inherently high thermal 
eff ic iencies ,  could utilize ethanol and methanol 
despite their low cetane ratings. A number o f  
options were possible as lines o f  approach to this 
problem - cetane number improving additives, 
alcohol-oil emulsions, fumigation, dual injection  
and glowplugs - but spark-assistance was seen as a 
preferred solution (5). The original combustion  
system  designed by the authors incorporated a 
multi-strike, high-energy spark system but, once 
optimised, a simple single spark device, based on
standard autom otive com ponents ,  was found  
sufficient. A large capacity injection pump was 
fitted, to maintain the same energy addition rate 
compensating for the low energy per unit volume  
o f  alcohols . The opportunity was taken o f  
providing variable injection t iming for the 
experimental form of the engine. 'Hie combustion  
chamber layout is shown in Fig 4. This was  
limited by the need to modify a standard cylinder  
head but the fuel spray and the long electrode  
spark plug were placed in what was thought to be 
an effective relationship to each other. A small  
amount o f  metal was removed from the piston at 
the lip to the bowl to clear the plug.
The specification o f  the engine based on the 
Fetter PHI, a type in widespread use throughout 
the world for remote site operation, with modified  
combustion system is given below:
cycle
combustion chamlTcr 
bore and stroke 
swept volume  
compression ratio 
continuous rated output 
(diesel fuel) 
brake specific fuel consumption at this 
output 262 g/kWh
four-stroke
direct-injection
87.3 mm x 110 mm
0.658 litre
16.5:1
7.4 kW
2200 rev/min
3.4 Engine test results
l l i e  engine has been tested using ethanol and, less  
ex ten sive ly ,  methanol. In both cases  sm all  
proportions of  vegetable oil were added to provide 
lubrication o f  the fuel injection cijuipment. A
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considerable range o f injection and ignition 
timings were explored and optimisation achieved at 
certain constant loads and speeds (6).
For alcohol performance comparable with 
that for diesel fuel in the unmodified engine has 
been obtained in terms of output and efficiency and 
the characteristics for ethanol and diesel fuel are 
shown in Fig 5. Results for methanol are 
comparable with those for ethanol.
4 CONCLUSIONS
4.1 Palm oil
The trials conducted so far indicate that methyl 
esters derived from crude palm oil provide an 
excel lent  substitute for petroleum fuels in a 
standard small stationary diesel engine. Efficiency 
appears to be unaffected  and, for almost all 
pollutants, exhaust em issions are improved. On 
further investigation it expected that a means o f  
preventing ex c e s s iv e  carbon deposits  on the 
injector nozzle will be developed. Fuels o f  the 
type tested could substitute for imported petroleum 
in many developing countries. Similar results 
have been obtained from an indirect injection  
automotive diesel,  again with reduction in smoke 
(7).
4.2 Alcohols
Ethanol and methanol have been shown to provide 
suitable fuels for use in a small stationary diesel 
engine when this is m odified  to a llow  spark 
assistance and to provide for the extra volume of  
fuel per cycle . Efficiency is the same within  
experimental limits and maximum power output is 
limited by thermal stress rather tlian by smoke as it 
would be for diesel fuel. This has been a more 
severe limit in the test engine with an air-cooled 
cast iron head than it would be for a water-cooled  
version. Particularly with methanol care has to 
be taken in the se lection o f  materials for fuel 
handling.
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1.0 INTRODUCTION
To s e t  t h e  t o p i c  o f  t h i s  s e m in a r  i n  t h e  o v e r a l l  c o n t e x t  o f  t h e  e f f e c t i v e  
u t i l i z a t i o n  of  a v a i l a b l e  r e s o u r c e s  of  e n e r g y ,  i t  i s  h e l p f u l  t o  l o o k  f i r s t  
a t  t h e  w o r l d ’s e n e rg y  s o u r c e s  -  income and c a p i t a l .  The income s o u r c e s  a r e  
t h o s e  which w i l l  e x i s t  i n  f u t u r e  w h e th e r  o r  n o t  we u t i l i s e  them t o d a y  
whereas  t h e  c a p i t a l  s o u r c e s  a r e  t h o s e  w h ich ,  once consumed, a r e  n o t  
a v a i l a b l e  t o  l a t e r  g e n e r a t i o n s .
Some o f  t h e  s o u r c e s  i n c l u d e d  i n  t h e s e  c l a s s i f i c a t i o n s  a r e  shown i n  t a b l e  1.
INCOME CAPITAL
d i r e c t  s o l a r  e n e r g y  o i l
wind e n e r g y  n a t u r a l  gas
wave e n e r g y  u ran ium
t i d a l  e n e r g y  
g e o t h e r m a l  e n e r g y  
b i o g a s
l i q u i d s  f rom b iomass
s o l i d  biomass  c o a l
T a b l e  1 Energy Sou rces
2 . 0  SOLID FUELS
S o l i d  f u e l s ,  i t  i s  s e e n  from t a b l e  1, a r i s e  u n d e r  b o t h  columns -  t h e  s o l i d  
forms o f  b iomass  can  be p roduced  on a  s e a s o n a l  b a s i s  i n  some c a s e s  o r  o v e r  
a  p e r i o d  o f  y e a r s  a s  f o r  most  t r e e s .  Coal  i s , o f  c o u r s e ,  t h e  r e s u l t  of  
p l a n t  l i f e  m i l l i o n s  o f  y e a r s  ago and o f  i t s  s u b s e q u e n t  changes  t h r o u g h  t h e  
deve lopm ent  o f  t h e  e a r t h ' s  s u r f a c e .
S o l i d  d o m e s t i c  and i n d u s t r i a l  w a s t e s  a r e  a l s o  u t i l i s e d  i n  e n e r g y  schemes i n  
i n c r e a s i n g  q u a n t i t i e s .  Some of  t h e s e  w a s t e  m a t e r i a l s  a r i s e  f rom r e n e w a b l e  
m a t e r i a l s  ( p a p e r ,  wood, e t c . )  w h i l e  o t h e r s  a r e  f rom f o s s i l  f u e l  d e r i v e d  
s u b s t a n c e s  such  a s  p l a s t i c s .  They a r e  by n a t u r e  h e t e r o g e n e o u s .
2 . 1  BIOMASS
Even c o n s i d e r i n g  b iomass  a s  n s o l i d  f u e l  e n e rg y  s o u r c e  i t  has  t o  be d i v i d e d  
i n t o  two b road  c a t e g o r i e s .  Some o f  t h e  p l a n t s  a r e  used  o n l y  a s  e n e r g y  
s o u r c e s  and a r e  now c u l t i v a t e d  to  o p t i m i s e  t h e i r  e n e r g y  v a l u e .  I n  
p a r t i c u l a r  t h i s  a p p ro a c h  has  been a p p l i e d  t o  t h e  p r o d u c t i o n  o f  l i q u i d  
a l c o h o l  f u e l s  b u t  i s  a l s o  a p p l i c a b l e  t o  t h e  much o l d e r  p r a c t i c e s  o f  u s i n g  
t r e e s  f o r  d i r e c t  w o o d - f i r i n g  and f o r  t h e  p r o d u c t i o n  o f  c h a r c o a l .
The area  o f p o t e n t ia l ly  rapid  growth in  the u se o f b iom ass, how ever, i s  in  
e x p lo i t in g  th e  energy  p o t e n t ia l  o f p r e v io u s ly  r e je c te d  b y -p rod u cts o f  
p la n ts  produced fo r  o th er  p u rp o ses . In t h is  ca te g o r y  one can in c lu d e  
b a g a sse , r ic e  h u sk s, straw  and p arts  o f t r e e s  u n s u ita b le  fo r  prime purposes  
such  as s tr u c tu r a l  tim b er.
F urther exam ination  o f  the u ses  to  which th e se  s o l id  biom ass p rod u cts  are  
p u t , r e v e a ls  a number o f in te r m e d ia te  s ta g e s  which can be used fo r  
co n v en ien t h a n d lin g . V arious forms o f d e n s i f i c a t io n  can be u se d , eg  
b r iq u e tt in g  and p e l l e t i s i n g ,  to  g iv e  a tr a n sp o r ta b le  form and c o n t r o l la b le  
and c o n s is t e n t  com b ustion . Such approaches are c u r r e n tly  under developm ent 
in  th e  N ordic c o u n tr ie s  (1 )  where wood r e p r e se n ts  about 10% o f t o t a l  energy  
u se  recorded d e s p ite  f a i r l y  cheap h y d r o e le c t r ic i t y .
2 .2  COAL
W idely vary in g  e s t im a te s  e x i s t  o f the t o t a l  energy s to r e d  in  c o a l  but what 
i s  c e r t a in  i s  the much g r e a te r  r e se r v e  than th a t in  o i l  or g a s .  One so u rce  
q u otes 279 x lO^^J out o f a t o t a l  300 x 10^^j  fo r  a l l  f o s s i l  f u e l s  ( 2 ) .  I t  
has to  be regard ed , t h e r e fo r e ,  as the f o s s i l  f u e l  w ith  th e  lo n g e s t  
f u tu r e .  The demand fo r  i t  would n a tu r a lly  in c r e a s e  as soon as any w orld  
sh o r ta g e  o f  o i l  or gas e x i s t e d ,  i f  on ly  because o f i t s  p o t e n t ia l  a s a raw 
m a te r ia l fo r  l iq u id  s y n fu e ls  and fo r  SNG.
L ike o i l ,  c o a l has many d i f f e r e n t  forms depending upon i t s  h i s t o r i c  o r ig in s  
and th e  tem p eratu re , p ressu re  and surrounding rock fo rm a tio n .
Deep mined c o a l has a c o n s id e r a b ly  low er m o istu re  c o n ten t than th a t  from  
op en cast o p e r a tio n s  and a co rresp o n d in g ly  h igh  h e a tin g  v a lu e  or c a l o r i f i c  
v a lu e . The main determ inant o f the c a l o r i f i c  v a lu e  i s  the r a t io  o f  carbon  
to  hydrogen. T his i s  norm ally in d ic a te d  In th e  form o f  an u lt im a te  dry 
mass a n a ly s is  o f the e lem en ts p r e s e n t , sam ples o f  which are  g iv e n  in  
ta b le  2 .
Coal type C H 0 ASH (Remainder
A n th ra c ite 9 0 .3 3 .0 2 .3 3 .0 i s  Sulphur
Bitum inous 7 4 .0 6 .0 13 .0 4 .8 and N itro g en )
L ig n ite 56 .5 5 .7 31 .9 4 .2
Table 2 Some t y p ic a l  dry c o a l a n a ly se s
D u long's form ula or th a t o f Grumell and D avies (3 )  en a b le  an in d ic a t io n  o f  
th e  h ig h e r  c a l o r i f i c  v a lu e  to  be ob ta in ed  from th e se  a n a ly s e s  g iv in g  
t y p ic a l  v a lu e s  fo r  dry sam ples o f (3 4 )  MJ/kg 3 1 .5  MJ/kg and 31 MJ/kg 
r e s p e c t iv e ly .  For th e  l a s t  sam ple the 'a s  f ir e d *  v a lu e  would be g r e a t ly  
reduced by th e  m o istu re  p r e s e n t .
Coal i s  a l s o  su p p lie d  in  v a r io u s  forms fo r  u se in  d i f f e r e n t  ty p e s  o f  steam  
r a is in g  p la n t s ,  h o t w ater sy s te m s, e t c  and t h is  a f f e c t s  i t s  pack ing  d e n s ity
o
in  kg/m .
3.0 CRITERIA FOR FUEL SELECTION
The c r i t e r i a  on which th e  c h o ic e  o f fu e l  i s  based are very  much a f f e c t e d  by 
th e  s p e c i f i c  a p p l ic a t io n .  Some o f the fo llo w in g  c r i t e r i a  w i l l  be more 
im portant in  the c a se  o f  sm a ll power p la n ts  than fo r  o th e r  a p p l ic a t io n s .
3.1 AVAILABILITY
A f u e l  has to  be a v a i la b le  on a s c a le  to  meet the demand e n v isa g e d  to  match  
th e  chosen  s i z e  o f  power p la n t  and i t s  a n t ic ip a te d  load  f a c t o r  and 
e f f i c i e n c y .
i e  m n |CV| = W |LF| 365 x 24 x 60 x 60
where m = mass r a te  o f f u e l  su p p ly / k g /y ea r
p = o v e r a l l  e f f i c i e n c y  o f power p la n t based on f u e l  
|CV| = c a l o r i f i c  v a lu e  o f f u e l /  MJ/kg 
W = power output o f  p la n t /  MW
|LF| = load  f a c t o r ,  i e  p ro p o rtio n  o f  p o t e n t ia l  en ergy  ou tp u t
a c t u a l ly  produced when averaged oVer th e  y e a r .
For t h is  reason  some com m ercia lly  a t t r a c t iv e  s o l i d  f u e l s  may be 
im p r a c tic a b le  where the su p p ly  r a te  cannot keep pace w ith  average demand. 
S torage space fo r  f u e l  w i l l  be req u ired  to  smooth out v a r ia t io n s  o f  demand 
or to  cope w ith  out o f phase f u e l  supp ly  and demand f lu c t u a t io n s .
3 .2  SECURITY OF SUPPLY
Investm ent in  p la n t w i l l  o f te n  depend on a d e c is io n  upon the chosen  f u e l .
In order to  j u s t i f y  the c a p i t a l  c o s t  o f  p la n t  to  u t i l i s e  a g iv en  energy  
sou rce  some degree o f a ssu ran ce  o f fu tu r e  s u p p lie s  a t  the a p p ro p r ia te  r a te  
must be e s t a b l i s h e d .  There i s  an a d d it io n a l  s e c u r i t y  problem when the  
so u rce  o f  f u e l  i s  o u ts id e  the c o n tr o l o f th e  country con cern ed . A m u lt i­
f u e l  c a p a b i l i t y  in  th e  power p la n t g r e a t ly  reduces the r is k  o f  in se c u r e  
su p p ly  whether th e  r is k  a r i s e s  from p o s s i b i l i t i e s  o f p o l i t i c a l ,  n a tu r a l,  
lab ou r or tra n sp o r t problem s.
3 .3  COMPETITIVE PRICE
T h is i s  th e  key fa c to r  in  ch o o sin g  a f u e l  when o th e r , l e s s  e a s i l y  
q u a n t if ia b le  requirem ents are m et. Care has to  be e x e r c is e d , o f  c o u r s e , in  
a s s e s s in g  the tru e  v a lu e  o f  the fu e l  su p p lie d  g iv en  by:
I EC j = p where p = p r ic e  o f  f u e l  per kg d e l iv e r e d
 ^^  ^ [CV I = c a l o r i f i c  v a lu e  /  MJ/kg purchased
|EC I = en ergy  c o s t  /  p r ic e  un its/M J
T his a llo w s  fo r  the in co m b u stib le  p o r t io n  o f  th e  f u e l  but not fo r  any 
s p e c ia l  c o s t  o f  h an d lin g  f u e l ,  ash  or f lu e  g a s .  Where a d d it io n a l  c o s t s  o f  
p la n t  are im p lied  by an u n co n v en tio n a l f u e l  th e  p r ic e  o f  f u e l  must be low
enough to  a llo w  c a p i t a l  to  be r e p a id .
3 .4  TRANSPORTABILITY
One o f the more im portant fa c to r s  in  d eterm in in g  th e  p r ic e ,  p , in  3 .3  above 
i s  th e  c o s t  o f  tra n sp o r tin g  the f u e l  from so u rce  to  s i t e .  O b v iou sly  t h i s  
depends upon th e  d is ta n c e  between th e  sou rce  o f  th e  f u e l  and th e  s i t e  o f  
th e  power p la n t .  Once the lo a d in g  and u n load in g  c o s t s  have been met t h i s
w i l l  be a f a i r l y  : l in e a r  fu n c tio n  o f d is t a n c e .  For th e  t r a d it io n a l  form s o f
energy  com peting w ith  s o l id  f u e ls  lon g  p ip e l in e s  are  common where la r g e r  
p la n ts  are to  be se r v e d . T h is i s  u n l ik e ly  to  be th e  ca se  fo r  sm a ll s c a le  
p la n ts  so  o i l ,  fo r  exam ple, would u s u a lly  need to  be d e l iv e r e d  by th e  same 
methods as s o l id  f u e l  -  by road , r a i l  or w ater tr a n sp o r t . The e a se  o f
packing the a p p ro p r ia te  v e h ic le  could  be s ig n i f i c a n t  i f  a s o l i d  f u e l  
r eso u rce  i s  to  be tra n sp o rted  by th e se  means* Some p r e p r o c e ss in g  o f  f u e l s  
may h e lp  in  t h i s  p art o f  the o p e r a tio n ,
3.5 ENERGY DENSITY
By energy d e n s ity  i s  meant here m easures o f  the com pactness o f  a f u e l  
s o u r c e . T h is i s  e s p e c ia l ly  s ig n i f i c a n t  in  d eterm in in g  th e  tr a n s p o r ta t io n  
economy in  3 .4  ab ove . A f u e l  w ith  a h igh  u s e fu l  en ergy  c o n ten t per u n it  
mass (M J/kg) and w ith  h igh  u s e fu l  energy c o n ten t per u n it  volume (MJ/m^) i s  
more e a s i l y  tr a n sp o r te d , s to r e d  and handled than o th e r  f u e l s .  Prime u se  o f  
th e  h ig h  energy  d e n s ity  f u e ls  i s ,  o f  c o u r se , fo r  t r a n s p o r ta t io n  i t s e l f .
From the p o in t o f v iew  o f  the op era to r  o f a s ta t io n a r y  power p la n t ,  
how ever, many s o l id  f u e ls  (e g  c o a l)  do have a h igh  energy  c o n te n t  per u n it  
mass and volum e. Where t h i s  i s  not the ca se  i t  i s  probable th a t  o n ly  a 
very  l o c a l  sou rce  o f  th e  f u e l  w i l l  be an eco n o m ic a lly  v ia b le  s u p p l ie r .
T his w i l l  o f te n  be tru e  fo r  b io m a ss -f ir e d  p la n t  where i t  i s  most 
a p p r o p r ia te ly  s i t e d  to  se r v e  the a g r ic u l t u r a l  community and a s s o c ia t e d  
in d u s t r i e s .  The c o s t  o f  such f u e l s ,  e s p e c i a l ly  i f  w aste  d e r iv e d , w i l l  
presum ably be ex trem ely  low , com pensating fo r  the e x tr a  h an d lin g  
p rob lem s. They are  not r e a l ly  part o f  the open market in  f u e l s  w hich  
e x i s t s  fo r  u n iv e r s a l ly  traded su b sta n c es  such as crude o i l  and o i l  p ro d u cts
3.6 ENVIRONMENTAL CONSIDERATIONS
C ontrol on en viron m en ta l in tr u s io n  o f v a r io u s  k in d s i s  now w id e ly  e x e r c is e d  
by governm ents n a t io n a l ly  and l o c a l l y .  T h is may in c lu d e  v i s u a l ,  a c o u s t i c ,  
atm osp h eric  and w ater p o l lu t io n .  The d e l iv e r y  and s to r a g e  o f  f u e l s  must be 
such as to  m in im ise e f f e c t  on lo c a l  r e s id e n t s  w h ile  th e  o th e r  a s p e c ts  can  
a f f e c t  a much w ider area  than t h i s .  In g e n e r a l th e  la r g e r  th e  p la n t  and 
the more d e n se ly  popu lated  the area  in  which i t  i s  s i t e d ,  the g r e a te r  are  
th e  problem s to  be overcome a lth ou gh  th e  very  h igh  chimney has i t s  
a d v a n ta g es . As fa r  as the a c tu a l p rod u cts o f com bustion are concerned  
th e re  i s  a c o n s id e r a b le  e f f e c t  r e la te d  to  the e x a c t  f u e l .  Sulphur c o n t e n t , 
p a r t ic u la t e s  c a r r ie d  over in to  the f lu e  and unburned o r g a n ic  su b s ta n c e s  are  
v a r ia b le s  to  be examined when com bustion system s fo r  new f u e ls  are b e in g  
d ev e lo p ed .
4.0 CONCLUSION
In e v a lu a t in g  the c r i t e r i a  su g g ested  above th ere  are no sh o rt c u t s .  Each 
co u n try , each l o c a l i t y ,  each s i t e ,  each s i z e  o f p la n t ,  each  w orkforce w i l l  
c r e a te  i t s  own requ irem en ts and im pose i t s  own l im i t a t io n s .
E s ta b lis h in g  an order o f  p r io r i t y  i s  one way o f coming to  a rea so n a b le  
c o n c lu s io n  as to  th e  a p p ro p r ia te  compromise fo r  a g iv e n  p la n t .  In a few  
c a s e s  i t  may w e l l  be th a t  th e  f u e l  i s  pre-d eterm in ed  by the lo c a t io n  as the  
s i t e  w i l l  have been chosen  to  make u se  o f  a s p e c i f i c  r e so u r c e .
Major d i f f e r e n c e s  e x i s t  betw een optimum f u e ls  fo r  la r g e  and sm a ll s c a le  
power p la n t .  H and ling , p r ic e  s t r u c t u r e s ,  tr a n sp o r t , q u a n t i t ie s  a v a i la b le  
and environ m enta l c o n tr o l  w i l l  a l l  vary w ith  s c a l e .
I t  has been e s tim a te d  ( 4 ) ,  fo r  exam p le, th a t  about 5.5% o f  th e  European
Community's energy cou ld  be o b ta in ed  from b iom ass. For r u r a l a r e a s  o f  
China, how ever, 68.6% o f  the energy supp ly  i s  a lrea d y  ob ta in ed  from t h i s
sou rce  ( 5 ) ,  over h a l f  from straw  and s t a l k s .  Of th e  rem ainder o n ly  14%
came from o i l  and e l e c t r i c i t y ,  which c o n s t i t u t e  th e  m a jo r ity  o f  f i n a l  
energy s u p p lie s  in  most urban s o c i e t i e s .
R e l i a b i l i t y  i s  a t  a premium, in  p a r t ic u la r ,  in  most sm a ll s c a le  power 
p la n ts  which w i l l  very  l i k e l y  be s ta n d -a lo n e  p ro v id ers  o f  e l e c t r i c i t y  to  a 
l o c a l  d i s t r i c t  or in d u s tr y . Where s t a t io n s  are lin k ed  in  a g r id  w ith  sp are  
c a p a c ity  (a s  in  the UK) such c o n s id e r a t io n s  can be g iv e n  a low er p r i o r i t y  
than where everyone and e v e ry th in g  depends upon one s t a t i o n .
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1.0 INTRODUCTION
Education in the effective employment of our energy resources did not begin with the 
'Energy Crisis’ of the early seventies when the general public suddenly became aware 
of the importance of this topic. University courses, especially in departments of 
engineering have long drawn attention to the concepts of overall plant efficiency 
based upon primary energy resource usage. From this point of view the argument could 
be put forward that nothing else is needed. Certainly the interest taken in this 
subject by undergraduates has been sharpened in recent years. There is a requirement, 
however, for a more detailed and directional attack on the problems of effective 
energy utilization, which on a cost-benefit basis has become more significant with 
the increasing costs of energy compared with those of other products and materials.
2.0 EDUCATIONAL REQUIREMENTS
At many levels it is necessary to communicate : a) the need for energy conservation, 
and b) a knowledge of the means whereby energy may be conserved. In a report^ 
published by the Watt Committee on Energy (a U.K. body coordinating the energy 
interests of all-relevant professional societies) it is recommended that"Every 
effort should be made to make all consumers more aware of the importance of the more 
rational use of energy in all walks of life."
Everyone is an energy user and most people have some control over the amount of 
energy they use.
In this general category emphasis has to be placed on communicating with the largest 
number. This has been done in the U.K. by various means, the most central of which 
is the Department of Energy's 'SAVE IT' campaign. Many ways of drawing public 
attention have been utilized; television advertising; television documentary 
features; newspaper advertising; posters ; leaflets from domestic energy suppliers; 
school lesson topics ; publicity for*, home insulation grant scheme.
The second largest group of people is the workforce in factories, offices and retail 
distribution.
Here general information methods of the type listed above are employed together with 
specific instruction aimed at energy saving in each industry or process. Some of 
this can be arranged as part of a national scheme. (For example, the training of 
boiler house operatives.) Government agencies, fuel supply authorities and companies 
and equipment manufacturers all play a part in this. Other training has to be 
locally organized and the extent to which this exists depends heavily upon the 
interest and enthusiasm of managerial staff.
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The involvement of senior management is sought in various ways. The financial press 
carries both editorial and advertising material on energy matters; suppliers of 
energy, of energy equipment and of conservation measures all make available printed 
matter and the advice of visiting representatives. Incentive is provided by govern­
ment grants towards the fees of energy consultants brought in to make preliminary 
surveys of energy conservation possibilities in industrial premises. Other financial 
concessions are sometimes available to those companies proposing schemes which have 
long-term saving possibilities.
More direct methods of communication may often be used with the still small, but 
growing, number of 'Energy Managers*. In a company the Energy Manager will be the 
focus of all the means employed to utilize energy well. He will monitor consumption, 
advise on conservation measures, prepare proposals for consideration by the senior 
management, arrange training and publicity. Channels of contact with (and between)^ 
Energy Managers are numerous and include : specific journals (e.g. Energy Management 
and Energy Manager^); series publications (e.g. Fuel Efficiency Series^, No. 4, 
Compressed Air and Energy Use); books (e.g. The Energy Managers* Handbook^); short 
courses on particular topics (e.g. Energy Audit, Controls) - these may be arranged 
by Government departments, industrial concerns and by trade, professional and acade­
mic bodies; exhibitions (e.g. the annual 'Energy Show'); Energy Managers Groups or 
Clubs ; films (e.g. Managing Energy Series: Heating and Ventilation in Factories).
In a survey of over 2000 manufacturing sites in 1977, however, only a half were 
found to be using any form of Department of Energy publication.^
3.0 THE UNIVERSITY CONTRIBUTION
These publications, training schemes, courses and other means by which information 
is disseminated naturally take a specific area and treat this largely in isolation 
from the broader concerns of world energy resource management. The control of 
environmental effects is often neglected except where legal imposition requires it.
The cost effectiveness of a particular measure is sometimes omitted from the 
discussion as is, even more often, the energy content of additional plant or materials. 
The main function at this stage is simply to reduce the fuel bill.
A graduate involved in this type of occupation in industry will want to exercise a 
fully professional responsibility, not only to his employer but also to the rest of 
mankind. He will feel this need to be informed about the broader implications of 
his immediate pre-occupation. In giving advice to his employer or in drafting new 
proposals he will try to base his recommendations on a consideration of all the 
relevant factors. A postgraduate course is a method of providing both the background 
education and the specific technical training required.
4.0 A POSTGRADUATE COURSE
Traditional University Masters' courses take a specialized area from an undergraduate 
course in one discipline and extend this much further, often in conjunction with a 
research school in the same field. Large scale industries and government research 
centers provide appropriate opportunities for this type of graduate to pursue a 
specialization.
Recently there has been some variation in this pattern, not opposed to it, but exist­
ing in parallel with it to meet different needs. Leonard and Rathmill^ comment on 
the increasing pressure under which universities come to ensure that courses are 
relevant to the real needs of society. They indicate that students often express 
the desire for broadly based work which will prepare them for industrial careers.
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Energy Engineering was thought by the University of Surrey to be an industrial area 
which justified a course along these lines. Proposals for both undergraduate and 
post-graduate courses were prepared by a working party of the Faculty of Engineering. 
As a starting point the post-graduate courses seemed to offer a more appropriate 
starting point and to have a more rapid effect. Undergraduate courses, including 
a year in industry, are of four years duration and considerable lead time has to be 
added for inclusion in the British system of centralized handling of applications 
for admission. Another, perhaps the most significant, consideration was the possi­
bility of arranging for a part-time, in-service format to run alongside the full­
time standard course. The accelerated effect of the course is emphasized since the 
student returns to industry each week after spending time at the University and so 
he is able to make immediate use of some aspects and even to feed the results back 
into the course.
The method by which these parallel patterns are achieved is illustrated in Fig. 1. 
Both patterns include the same lecture courses and facilities for other work are 
available equally to full-time and part-time students.
The course outline produced by the working party was circulated to many industrial 
concerns, local authorities, professional societies, other academics, and to the 
relevant government departments and agencies for comment. Representatives of all 
these bodies were invited to a conference where they were able to hear the 
University ideas presented, and to discuss with staff involved possible changes to 
meet the needs of industry and other potential employers. The syllabus was reviewed 
in the light of this discussion and of written comments submitted by those not 
attending.
5.0 COURSE CONTENT
The Faculty of Engineering is comprised of four departments: Chemical Engineering, 
Civil Engineering, Electronic and Electrical Engineering and Mechanical Engineering. 
It offers single honors courses in each of these disciplines, certain combined 
honors courses with Business Economics, and as a joint jgffort, an honors degree in 
Engineering. Several postgraduate courses include part-time study provision and the 
success of that in Systems Engineering encouraged the adoption of the same arrange­
ment in Energy Engineering. Contributions from the four departments are joined by 
those from others outside Engineering principally Economics and Metallurgy and 
Materials Technology. Responsibility for the course is delegated by the Dean to a 
Course Director who,for administrative purposes, works through the Department of 
Mechanical Engineering. An Academic Board comprising all members of the course 
teaching team meets three times each year to discuss and decide academic matters.
The syllabus is divided into eight teaching subjects :
1. Introduction to Energy Engineering (20 h). A fuel technologist 
discusses energy resources, their relative importance, means of 
exploitation and the effects of political, economic, social and 
technical factors.
2. Introduction to Energy Management (30 h). A practicing energy 
management consultant is an associate lecturer for his course 
which shows how the principles of energy conservation may be 
applied to industrial, commercial and institutional situations.
3. Materials (20 h). Members of the Metallurgy and Materials 
Technology and of the Civil Engineering Departments combine to 
present a picture of the availability, properties and energy
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content of a variety of materials used in building structures 
and in energy conversion plant.
4. Systems & Management Studies (80 h). Members of the Economics 
Department introduce the concepts of energy modelling, energy 
economics and project appraisal. On the engineering side, control 
systems are covered including the application of microprocessors 
to energy using plant.
5. Energy conversion and Prime Movers (30 h). The Laws of Thermo­
dynamics are used as a basis for the analysis of processes and
cycles leading to the comparison and selection of plant.
6. Energy Conversion and Distribution (20 h). Methods of generation
and transmission of electricity and the implications for industrial 
consumers are discussed.
7. Energy Utilization I (40 h). The principles of subjects 1, 5 and 
6 are taken further to examine typical applications to industrial 
processes and to the heating and ventilation of buildings.
8. Energy Utilization II (40 h). The use of fossil fuels in industrial 
situations is dealth with in detail together with the selection of
appropriate plant such as furnaces, boilers and waste heat recovery
equipment.
In many of these subjects visiting lecturers from industry are widely employed to
provide up-to-the-minute inputs of current technological progress. Questions put
by the students during these sessions indicate that they find these external 
contributions stimulating.
In addition, time is allocated to the consideration of Energy Schemes (60 h).
These are graded from paper exercises based on tightly specified situations, through 
the analysis of single pieces of plant and of single buildings to the critical 
assessment of given case study problems. Case studies are drawn from the University 
and from industry (Pig. 2).
Although laboratory plant is used occasionally in the Energy Studies Course to form 
the basis of an analysis, there is no separate formal laboratory time during the main 
course. A concentrated vacation course (15 h) in energy instrumentation is held 
concentrating on the monitoring of installations not already adequately instrumented 
(i.e., the typical industrial situation).
The final individual project is selected by the student in a field of special 
interest to him. This can be undertaken in the University or in the student's normal 
place of work or in an industrial situation arranged by the University. It is this 
part which enables a detailed study to be made of a topic which may be only briefly 
mentioned in the course.
Assessment of the student's performance is made at the end of the taught course and 
depends upon written examinations (75%) and the Energy Schemes course work (25%). 
Successful candidates proceed to produce a report on their individual project over 
the summer period and the degree is awarded when this work satisfies the examining 
board.
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6.0 COMPLEMENTARY ACTIVITIES
The University is involved in a range of energy activities in engineering and other 
departments. In addition to individual research topics there is an Energy Sub­
committee of the University's Research Committee. There are active postgraduate 
research groups in Fuel Technology and in Energy Economics. Much of the work under­
taken is financed by industrial concerns and involvement in these fields ensures 
that members of staff do not become remote in an ivory tower atmosphere isolated 
from the problems experienced by industry and commerce.
7.0 EXPERIENCE
Participation by industry and government departments exists at various levels, some 
of which have been mentioned above: Formulation of the course structure and syllabus; 
secondment of full-time students; day-release of part-time students ; visiting 
lecturers; information; provision of projects; case study material and visits.
Although the interest of employers of students is shown in these forms of cooperation, 
it is rarely the employer who initiates the student's connection with the course.
This is a characteristic shared by other sources of this pattern according to a 
recent survey.8 A much larger proportion of the students in the course described 
than those in the total survey receive full financial support from the employers.
Very_few applications are withdrawn because the employer is unwilling to allow study.
The sponsored student intake in the first two years represents a wide range of 
employment; County Councils and New Town Development Corporations; manufacturers of 
energy equipment (boilers, air conditioning); building services consultants; 
nationalized energy supply industries; motoring organizations; food processing 
industry; property services agency (government buildings); London buying office of 
overseas electric power authority; technical colleges and polytechnics; energy 
consultants.
Appointments held  a lso  cover a wide range in clu d in g  energy conservation  o f f i c e r s ,  
p r o jec t  en g in eers, c h ie f  engineers and even a managing d ir ec to r .
Contributions made by these students during seminars, tutorials amd discussion are 
a valuable contribution tothe total experience of the course. The average age is, 
of course, much higher than that of the newly graduated who make up the majority in 
most postgraduate courses. Since all part-time and some full-time students are in 
this category, the majority is always able to bring work-based insights to the 
course.
Other courses based on industrial technologies and having large proportions of 
mature students report similar a d v a n t a g e s 9 and some exclude those without experience 
even from the full-time pattern of study.18
The course is recognized by the Institute of Energy as an approved advanced course 
and by the government's Training Services Division as a suitable course for which 
grants may be made to certain adults seeking re-training.
8.0 CONCLUSION
The importance of energy education at.all levels cannot be overlooked. In the 
course described, a particular contribution which the University is equipped to 
make has been attempted. The course as designed will develop as experience is 
gained in the needs of students and the employers, existing and potential. The
CHANGING ENERGY USE FUTURES 1721
structure of the post-graduate course is one which is particularly adaptable.
Acknowledgment is made to all, members of the University and our many friends 
outside it, who have contributed in so many ways to the establishment of this 
course and who have provided it with continuing support.
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1 .0  In tr o d u c tio n .
In a document c ir c u la te d  r e c e n t ly  fo r  comment the Department of  
E d ucation  and S c ie n c e  in d ic a t e s  a s tr o n g  b e l i e f  in  th e  im portance o f  
m id -career  co u rses  of v o c a t io n a l  e d u ca tio n  fo r  th o se  a t  work. I t  
agrues th a t th e  q u a l i f i c a t io n s  and s k i l l s  needed in  th e  C ountry’s  
w orkforce must be d evelop ed  i f  managers and em ployees a t a l l  l e v e l s  
are to  he a b le  to  meet s u c c e s s f u l ly  th e  com plex c h a lle n g e s  fa c in g  
them . Such co u rses  are quoted as o f f e r in g ,  in te r  a l ia :
a ) u p d atin g  in  s p e c i a l i s t  area s o f t h e o r e t ic a l  know ledge or g e n e r a l  
advances in  the f i e l d
b ) a p p r e c ia t io n  of new te c h n o lo g ie s  or p r o c e sse s  and th e  know ledge 
to  apply  them e f f e c t i v e l y
c )  a c q u is i t io n  of new s k i l l s  or q u a l i f i c a t io n s  r e le v a n t  to  
employment
d) p r ep a ra tio n  fo r  new r e s p o n s ib i l i t i e s  or fo r  upgrading
e )  packages o f s k i l l s  n e c e ssa r y  fo r  a new a r t i c l e  or p r o c e ss  to  be 
d evelop ed .
Enrolm ents of s tu d e n ts  aged 25 and over in  a l l  ty p e s  o f e x is t in g  
co u rses  in  th e  m ainta ined  and a s s i s t e d  s e c t o r  in  England and Wales 
t o t a l l e d  over 314 000 and th o se  in  U n iv e r s i t ie s  43 000 (27 000 a t  
p ostgrad u ate  l e v e l )  in  1 9 7 8 -9 ' ) A D ir e c to r y  o f p o stg ra d u a te  sh o r t  
co u rses  and f u l l e r  co u r ses  a v a i la b le  p a r t-t im e  was p u b lish ed  in  
1 9 7 9 ( 2 ) A lon gsid e  t h i s  n a t io n a lly  e x p ressed  need f o r  m id -ca reer  
e d u ca tio n  i s  th e  s p e c i f i c  requirem ent fo r  ed u ca tio n  and t r a in in g  in  
energy management. Q u estio n s asked a t  th e  N a tio n a l M eeting f o r  
Chairmen and S e c r e t a r ie s  o f Energy M anagers' Groups w ith  th e  S e c r e ta r y  
o f S ta te  fo r  Energy on 17 February 1981 in d ic a te d  th a t  n ot a l l  were 
aware o f th e  p resen t a c t i v i t y  in  t h is  f i e l d  and in  o th er  a s p e c ts  of  
energy in  which c o -o p e r a t iv e  r e la t io n s h ip s  between e d u c a tio n  and 
in d u stry  were a c t iv e .  T h is paper seek s to  make e x i s t in g  work more 
w id e ly  known and to  p o in t  to  means o f c o n tin u in g  and expanding t h i s  in  
th e  fu tu r e .
2 .0  E ducation  in  Energy Management
E ducation  in  th e  e f f e c t i v e  employment o f our energy r e so u r c e s  i s  a 
w e l l - e s t a b l i s h e d  fe a tu r e  o f t r a d it io n a l  U n iv e r s ity  undergraduate  
c o u r s e s , e s p e c ia l ly  th o se  in  Chem ical and M echanical E n g in eer in g  and 
in  F uel T echnology. Academ ics in v o lv e d  w ith  such c o u r se s  have a 
r e s p o n s ib i l i t y  to  en su re  th a t  fu tu re  in d u s t r ia l  managers and 
government and o th er  r e se a r c h  s t a f f  a re  aware o f th e  im p lic a t io n s  o f  
th e  co n cep ts  of p la n t e f f i c i e n c y .  I t  i s  n e c e ss a r y , o f c o u r se , to  s e e  
the energy input to  th e  m anufacturing p r o c e ss  a s  one among o th e r s  such  
as raw m a te r ia ls  and manpower. The cu rren t im portance of energy a s  a 
fa c t o r  depends m ostly  upon the more rap id  in c r e a s e  In i t s  c o s t  o v er  
th e  l a s t  e ig h t  years than in  th a t of o th e r  f a c t o r s .
T ra in in g  in - s e r v ic e  may be exp ected  to  p ro v id e  s u f f i c i e n t  in fo r m a tio n  
to  en ab le  th e  p r o f e s s io n a l  en g in eer  to  make a p p ro p r ia te  d e c is io n s  
about th e  u se  (or  a vo id an ce  o f u s e )  o f en e r g y . The ty p e s  o f  
d e sc r ib e d  in  th e  accom panying paper' ' s e r v e  an e x c e l le n t  purpose in  
in tr o d u c in g  managers and o p e r a t iv e s  to  a p p ro p r ia te  proven te c h n iq u e s  
o f  energy c o n se r v a t io n .
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E d u c a t i o n  s e ek s  to  f u l f i l  a somewhat broader need s in c e  th e  s p e c i f i c  
o p e r a tio n  i s  h ere  seen  as ju s t  one sm a ll p art of th e  o v e r a l l  
a c t i v i t y .  The c la im  to  ed u cate  ra th er  than (o r , p erh ap s, a s  w e ll  a s )  
t r a in  p r o f e s s io n a l  energy managers im p lie s  a broader concern  fo r  world  
reso u rce  management of en ergy , money, m a te r ia ls  and manpower. The 
e f f e c t  of our energy u se  on th e  environm ent in  g e n e r a l i s  con sid ered  
w hereas in  t r a in in g  lo c a l  env iron m enta l c o n tr o l  o n ly  may be o f  
in t e r e s t  and th a t because le g a l  r e s t r i c t io n s  r e q u ire  i t .  Thus the  
graduate shou ld  be in  a p o s i t io n  to  b ase recom m endations f o r  a c t io n  to  
h i s  em ployer on a s u b s t a n t ia l  background o f u n d erstan d in g  a l l  the  
r e le v a n t  im p l ic a t io n s .  These would in c lu d e  n ot o n ly  th e  f a c t o r s  
a f f e c t in g  th e  em ployer im m ediately but th e  lo n g er  term m atters such as  
l i k e l y  a v a i l a b i l i t y  of chosen  energy so u r c e , t r a n s p o r ta t io n , s t a f f i n g ,  
a ir  p o l lu t io n ,  l i f e  of p la n t and p o s s i b i l i t y  o f p la n t  o b s o le s c e n c e .
The f in a n c ia l  a s p e c ts  should  a l s o  in v o lv e  th e s e  broader i s s u e s  in  th e  
a n a ly s is  p resen ted  fo r  any p r o je c t .  By th e se  means i t  i s  hoped to  
make a permanent c o n tr ib u t io n  to  the u n d ersta n d in g  o f energy  
management.
2 .1  Q u a lif  i c a t io n
There i s  no n a t io n a lly  req u ired  q u a l i f i c a t io n  to  be an 'energy  
manager' but in d iv id u a l  em ployers may ask f o r  any q u a l i f i c a t io n  
throught n e c e ssa r y . T h is may w e l l  vary from in d u stry  to  in d u stry  and, 
s in c e  few  p eo p le  have s p e c i f i c a l l y  q u a l i f i e d  so  f a r ,  w i l l  u s u a l ly  be
baped on a background in  th e  in d u stry  con cern ed . So, f o r  an o i l
r e f in e r y ,  a ch em ica l en g in e er  may be sought w h ile ,  f o r  a la r g e  ch a in  
of departm ent s t o r e s ,  a b u ild in g  s e r v ic e s  e n g in e er  may be more 
a p p r o p r ia te .
I t  i s  hoped th a t what the new breed of grad u ate  energy e n g in e er s  w i l l
do i s  to  p rov id e  e x p e r t is e  spanning th e s e  t r a d i t io n a l  d i s c i p l in e
s e c t o r s .
P r o f e s s io n a l  e n g in e er s  are u s u a lly  se e k in g  s ta t u s  as C hartered  
E n gin eers which can be ob ta in ed  on ly  by membership o f one o f th e  
member i n s t i t u t i o n s  of th e  CEI. The p o s s ib le  r o u te s  to  a c h iev e  t h is  
vary w ith  th e  p a r t ic u la r  i n s t i t u t i o n  but a t y p ic a l  p a t te r n  i s  shown in  
f ig u r e  1.
P r o f e s s io n a l P r o f e s s io n a lACADEMIC REQUIREMENTS T ra in in g Review
A DEGREE IN THE APPROPRIATE a) ENGINEER IN
BRANCH OF ENGINEERING SOCIETY PAPER
FROM UK UNIVERSITY OR CNAA ( i f  not in c lu d ed
OR SUPERVISED in  degree  or CEIPROFESSIONAL P a r t l l )
CEI PART I CEI PART I I TRAINING b) REPORT ON
EXAMINATION EXAMINATION (P art of which PROFESSIONAL
OR OR
may be in c lu d ed EXPERIENCE AND
in  a sandw ich RESPONSIBILIES
HND APPROPRIATE degree c o u r se ) c ) PROFESSIONAL
HIGHER INTERVIEW
DEGREE (may be r eq u ired )
F igu re 1 : S im p lif ie d  r e p r e s e n ta t io n  of  
C hartered E ngineer s t a t u s .
r o u te s  to
CHARTERED
ENGINEER
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Im plem entation  of th e  F in n is to n  Report p ro p o sa ls  cou ld  a f f e c t  t h i s  
p a tte r n  but a cu rren t s i t u a t io n  i s  d e p ic te d  h e r e . A p a r t ic u la r  scheme 
of in t e r e s t  in  t h i s  r e sp e c t  i s  th a t by which an e n g in e er  who has  
a lrea d y  s a t i s f i e d  th e  CEI requ irem en ts in  one f i e l d  of e n g in e e r in g  may 
be e l i g i b l e  f o r  Membership o f th e  I n s t i t u t e  o f Energy by ta k in g  an 
Approved Advanced Course a t  p ostgrad u ate  l e v e l .  Such co u r ses  are  
a v a i la b le  a t  th e  U n iv e r s i t ie s  o f Birmingham, L eed s, London (Im p e r ia l  
and Queen Mary C o l le g e s ) ,  N ew castle-upon-T yn e, S h e f f ie ld  and S u rrey , 
a t  C r a n fie ld  I n s t i t u t e  o f  T echnology and a t M id d lesex , N ew ca stle -u p o n -  
Tyne and Portsm outh P o ly te c h n ic s .
2 .2  A M a ster 's  d egree  in  Energy E n g in eer in g
T r a d it io n a l  U n iv e r s ity  m a sters' co u rses  take a s p e c ia l i s e d  area  from  
an undergraduate co u rse  in  one d i s c ip l in e  and ex ten d  t h is  much 
fu r th e r , o f te n  in  co n ju n c tio n  w ith  a resea rch  sc h o o l in  th e  same 
f i e l d .  Large s c a le  in d u s t r ie s  and government resea rch  c e n tr e s  p ro v id e  
a p p ro p r ia te  o p p o r tu n it ie s  fo r  t h is  type o f graduate to  pursue a 
s p e c ia l i s a t io n .
. R ecen tly  th ere  has been some v a r ia t io n  in  t h i s  p a tte r n , not opposed to  
i t ,  but e x i s t in g  in  p a r a l l e l  w ith  i t  to  meet d i f f e r e n t  n e e d s . Leonard  
and R a th m ill' ' comment on th e  in c r e a s in g  p ressu re  under which  
U n iv e r s it ie s  come to  en su re  th a t co u rses  are r e le v a n t  to  th e  r e a l  
needs of s o c ie t y .  They in d ic a t e  th a t s tu d e n ts  o f te n  e x p r e ss  th e  
d e s ir e  fo r  b road ly  based work which w i l l  prepare them f o r  i n d u s t r ia l  
c a r e e r s .
Energy E n g in eer in g  was thought by th e  U n iv e r s ity  o f Surrey to  be an 
in d u s t r ia l  area  which j u s t i f i e d  a cou rse  a lo n g  th e se  l i n e s .  P r o p o sa ls  
f o r  both undergraduate and p o stgrad u ate  co u rses  were prepared by a 
working p arty  o f th e  F a c u lty  o f E n g in e e r in g . At t h i s  tim e th e  p o s t ­
graduate co u r ses  seemed to  o f f e r  a more a p p ro p r ia te  s t a r t in g  p o in t  and 
to  have a more rap id  e f f e c t .  Undergraduate c o u r s e s , in c lu d in g  a y ea r  
in  in d u s tr y , are of fo u r  y ea rs  d u ration  and c o n s id e r a b le  le a d  tim e has  
to  be added f o r  in c lu s io n  in  the system  of c e n tr a l is e d  h a n d lin g  o f  
a p p lic a t io n s  f o r  a d m iss io n . A nother, perhaps th e  most s i g n i f i c a n t ,  
c o n s id e r a t io n  was th e  p o s s i b i l i t y  o f arran g in g  f o r  a p a r t - t im e , i n -  
s e r v ic e  form at to  run a lo n g s id e  th e  f u l l - t i m e  standard c o u r se . The 
a c c e le r a te d  e f f e c t  o f th e  co u rse  i s  em phasised s in c e  th e  s tu d e n t  
re tu rn s  to  in d u stry  each week a f t e r  spending tim e a t th e  U n iv e r s ity  
and 8 0  he i s  a b le  to  make im m ediate u se  o f some a s p e c ts  and even  to  
fe e d  the r e s u l t s  back in to  th e  c o u rse .
2 .2 .1  The method by which th e se  p a r a l le l  p a tte r n s  are a ch iev ed  i s  
i l l u s t r a t e d  in  f ig u r e  2
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PART-TIME Examination Examination
OCT T E C  JAN MAR APR [JUN
YEAR YEAR I
X x+1 ’
SEP OCT
FULL-TIME
F ig .2 PATTERN OF PART-TIME AND 
FULL-TIME COURSES
DEC JAN MAR APR 
YEAR 
x+2
JO w e e k  t e a c h i n g  
t e r m  1 da y / w e e k
2 0  w e e k  t e a c h i n g  
t e r m  f u l l - t i m e
P r o j e c t  i n  
i n d u s t r y
P r o j e c t  i n  i n d u s t r y  
o r  U n i v e r s i t y
I  JUN SEP
Both patterns include the same lectu re  courses and f a c i l i t i e s  for  
other work are a v a ila b le  equally to  fu ll- t im e  and part-tim e stu d en ts.
2 .2 .2  The course o u tlin e  produced by the working party was c ircu la ted  
to  many in d u str ia l concerns, lo c a l a u th o r it ie s , p ro fess io n a l  
s o c ie t ie s ,  other academics, and to relevant government departments and 
agencies for  comment. R epresentatives of a l l  these bodies were 
in v ited  to a conference where they were able to  hear the U n iv ersity 's  
ideas presented , and to  d iscu ss with s ta f f  involved p o ss ib le  changes 
to  meet the needs of industry and other p o te n tia l employers. The 
sy llabus was reviewed in  the l ig h t  of th is  d iscu ssion  and of w ritten  
comments submitted by those not attending and has been up-dated 
through further d iscu ssion s with in terested  p a r t ie s .
2 .2 .3  The course i s  divided in to  a number of su b jects , each of which 
c o n stitu te s  a s e r ie s  of lec tu res  re in forced , where appropriate, by 
tu to r ia ls  and p r a c tic a l dem onstrations. In some subjects a l l  the 
lec tu res  are given by one member of s ta f f  in  others by a team 
comprising U niversity  and external lec tu r er s . The breakdown in to  
subjects i s  given in  figu re  3 and a more d eta iled  sy llab u s in  the 
Appendix. The choice of subject matter i s  in fluenced  by the broad 
range of students admitted from a l l  branches of engineering and from 
many backgrounds of experience in  employment. Some review of the 
underlying engineering science i s  required in  order to  bring everyone 
to  a common base from which to begin looking at a p p lica tio n s in  the 
f ie ld  of energy engineering management. Here again the in te r a c tio n  
between students i s  important as graduate mechanical engineers a s s is t  
th e ir  e le c t r ic a l  or c i v i l  counterparts in  an understanding of 
thermodynamics w hile the reverse ap p lies in  the e le c tr ic a l  
d is tr ib u tio n  and build ing m aterials f i e ld s .
Introduction to  Energy Engineering 
Systems and Management Studies 
Introduction  to  Energy Management 
Energy U t i lis a t io n  I 
Energy U t i lis a t io n  II  
M aterials
Energy Conversion and Prime Movers 
Energy Conversion and D istr ib u tion
Figure 3 -  MSc Energy Engineering S u b jects.
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In a d d it io n  to  th e se  se p a r a te  s u b je c ts  th e r e  Is  an 'Energy Schemes' 
c o n te n t . T h is com p rises a s e r ie s  o f group c a se  s tu d ie s  o f ty p ic a l  
s i t u a t io n s  en cou n tered  In  energy management and an I n d iv id u a l study In  
depth fo r  th e  f i n a l  p r o j e c t .  In  th e  group s tu d ie s  a p r o g r e ss io n  Is  
made from str a ig h tfo r w a r d  c a lc u la t io n s  o f t ig h t l y  s p e c i f ie d  problem s 
through la b o r a to r y -b a sed  open-ended I n v e s t ig a t io n s  to  c a se  s tu d ie s  
based on s i t e  v i s i t s .  C on sid erab le  scop e f o r  everyon e to  c o n tr ib u te  
I s  a v a i la b le  In th e se  s e s s io n s  s in c e  th e  le c t u r e r  p o ses  the problems 
and a c t s  a s chairm an In th e  subsequent d is c u s s io n .
The f i n a l  p r o je c t  Is  of s p e c ia l  Im portance In th a t  I t  g iv e s  depth to  
an o th e rw ise  b ro a d ly -b a sed  cou rse In one f i e l d  of s p e c ia l  I n t e r e s t  to  
th e  s tu d e n t . P a r t-t im e  and some f u l l - t i m e  s tu d e n ts  w i l l  come w ith  a 
f a i r l y  w e l l-d e f in e d  p r o je c t  t i t l e  from t h e ir  cu rren t or p a st  
I n d u s t r ia l  Invo lvem ent. For o th e rs  th ere  are many o n -g o ln g  research  
t o p ic s  In th e  U n iv e r s ity  In the energy f i e l d  In to  which MSc s tu d e n ts  
can s lo t ;  making a s p e c i f i c  c o n tr ib u t io n . I t  I s  a ls o  p o s s ib le  fo r  a 
stu d en t to  be a l lo c a t e d  to  an I n d u s tr ia l  concern  fo r  th e  I n v e s t ig a t io n  
of a p a r t ic u la r  problem which he can do w ith  the back ing of a 
U n iv e r s ity  s u p e r v is o r . The U n iv e r s ity  I s  alw ays I n te r e s te d  In h av in g  
such p r o je c t s  su g g ested  by In d u stry , commerce or I n s t i t u t i o n s .  The 
wide range o f p r o je c t s  i s  I l lu s t r a t e d  by some exam ples In f ig u r e  4 .
UNIVERSITY BASED INDUSTRY BASED
Combustion of m u n icip a l w aste  
In fra -r e d -c o m b u stio n  c o n tr o l  
system
S o la r  e n e r g y -s to r a g e  a n a ly s is  
Sm all s c a le  hydro-power p la n t  
Energy u se  In  a l t e r n a t iv e  
means of com m unication  
L ean-burn, s p a r k - lg n lt lo n  
au tom otive  en g in e  
Wind power a ssessm en t
E stim a tio n  of p la n t c a p a c ity  (PSA) 
L ig h tin g  c o n tr o l  In group space  
o f f i c e s  (PSA)
Energy recovery  In h o s p i t a l  a i r  
c o n d it io n in g  system s (C o n ta lr )  
C on tro l o f b u ild in g  energy s e r v ic e s  
(IBM)
Combined h ea t and power f o r  fr o z e n  
food  p la n t (B ird s Eye)
Thermal perform ance o f low therm al 
c a p a c ity  b u ild in g s  (E. S u ssex  C » C . $  
T o ta l energy req u irem en ts o f p r iv a te  
ca rs  (AA)
Furnace h e a t exch an gers  
Energy e d u ca tio n  (S u rrey  C .C .)
F igu re  4 : T y p ic a l p r o je c t  t i t l e s
2 .2 .4  The background of s tu d e n ts  v a r ie s  very c o n s id e r a b ly  and t h is  
v a r ia t io n  c o n tr ib u te s  g r e a t ly  to  th e  atm osphere o f th e  group.
I n i t i a l l y  I t  was exp ected  th a t f u l l - t im e  s tu d e n ts  would be young and 
r e la t iv e l y  In ex p er ien ced  whereas p a r t -t im e r s  would be mature and w is e  
In the ways of th e  b ig  w orld . In  th e  even t the r e c o g n it io n  o f th e  
cou rse  fo r  TOPS award and fo r  sp on sorsh ip  by th e  PSA and o th e r  b o d ie s  
fo r  t h e ir  em ployees has r e s u lte d  In a more e x p er ien ced  f u l l - t i m e  
c l a s s .  There I s  a d i f f e r e n c e  In average age a t  e n try  -  29 y e a r s  f o r  
p a r t-t im e  -  40 y ea rs  f o r  f u l l - t i m e ,  but th e  range of ag es  o v e r la p s  
c o n s id e r a b ly . The f i r s t  th r ee  In tak es have dem onstrated  th a t  
e x p e r ie n c e  In In d u stry  I s  n e c essa ry  to  g e t th e  most out o f th e  co u rse  
and on ly  e x c e p t io n a l ly  would anyone be ad m itted  now w ith  o n ly  v a c a t io n  
e x p e r ie n c e  In In d u stry .
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The gap which p r e v io u s ly  p rec lu d ed  most U.K. s tu d e n ts  under 27 from  
o b ta in in g  a grant to  a tte n d  has been f i l l e d  by r e c o g n it io n  fo r  SERC 
advanced co u rse  s tu d e n ts h ip s . T y p ic a l sp o n so rs  are  l i s t e d  In f ig u r e  5 .
County C ou n cils
M anufacturers o f energy equipm ent ( b o i l e r s ,  a i r  c o n d it io n in g )
B u ild in g  s e r v ic e s  c o n s u lta n ts  
N a t io n a lis e d  energy supply I n d u s tr ie s  
M otoring o r g a n is a t io n s  
Food p r o c e ss in g  In d u stry  
R e t a i l  food  c h a in s
P rop erty  S e r v ic e s  Agency (governm ent b u i ld in g s )
London buying o f f i c e  o f o v e r se a s  e l e c t r i c  power a u th o r ity
T e c h n ic a l c o l l e g e s  and p o ly te c h n ic s
Energy c o n s u lta n ts
B u ild in g  c o n tr a c to r s
O il  c o r p o r a tio n s
Iro n  and s t e e l  In d u stry
O verseas governm ents
F ig u re  5 : Sponsors o f s tu d e n ts  on MSc cou rse
2 .2 .5  The q u e s t io n  I s  o f te n  asked  "What m o tiv a te s  p eo p le  to  j o in  your
course"? There I s  no sim p le  answer s in c e  n ot every  stu d en t w i l l  o f f e r  
to  ex p r e ss  h i s  f e e l in g s  about t h i s .  There I s  a d e s ir e  on th e  p a r t o f  
some, o ld e r ,’ ca n d id a tes  to  show t h e ir  ju n io r s  a t  work th a t  th ey  are  
cap ab le  o f h ig h e r  academ ic ach ievem en t, some want a r e c o g n ise d  e n e r g y  
q u a l i f i c a t i o n  h av in g  q u a l i f i e d  In  a t r a d i t io n a l  branch of e n g in e e r in g  
In  th e  p a s t ,  some come to  b u ild  In to  a f ir m  s tr u c tu r e  t h e ir  Id eas  
about energy which may be to o  s p e c ia l i s e d ,  some o v e r se a s  s tu d e n ts  need  
a h ig h er  degree  to  p r a c t ic e  or tea c h  In  t h e ir  own country  w h ile  o th e r s  
In  more s e n io r  p o s i t io n s  are encouraged to  broaden t h e ir  o u tlo o k  ty  
stu d y in g  In  th e  U.K. fo r  a year  and are  su p p orted  by t h e ir  governm ent, 
em ployer or by an award from b o d ies  such a s  th e  B r i t i s h  C o u n c il. I t  
I s  hoped th a t a l l  g e n u in e ly  want a sound know ledge o f th e  p r in c ip le s  
th a t  w i l l  en ab le  them. In w hatever o cc u p a tio n  th ey  la t e r  f in d  
th e m se lv e s , to  promote th e  w ise r  u se  o f a l l  ty p e s  o f energy  
r e so u r c e s . I n c id e n ta l ly  th e re  I s  a g r e a t o p p o r tu n ity  fo r  U.K. 
s u p p lie r s  o f energy c o n se r v a tio n  equipm ent In  th e  p resen ce  h ere  o f  
mature o v e r se a s  s tu d e n ts  on such an a p p lie d  tech n o lo g y  co u r se .
3 .0  T ec h n ic a l C o-op era tion  betw een E d u ca tio n a l and I n d u s t r ia l  B o d ie s .
I t  has been su g g ested  th a t U n iv e r s i t ie s ,  P o ly te c h n ic s  and T ech n ic a l  
C o lle g e s  sh ou ld  c o -o p e r a te  more w ith  th o se  In v o lv ed  In energy a f f a i r s  
In  In d u stry , commerce, l o c a l  governm ent, and o th e r  I n s t i t u t i o n s .  A 
grea t d e a l o f c o lla b o r a t io n  a lrea d y  e x i s t s  but perhaps I s  not w id e ly  
p u b lish e d . More I s  p o s s ib le  but w i l l  o n ly  come about as th o se  who 
w ish  to  work to g e th e r  make c o n ta c ts  a t an in d iv id u a l  l e v e l .
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Some o f th e  p r o sp e c ts  are  g iv en  h ere  in  th e  hope th a t  such c o n ta c ts  
w i l l  be made to  e x p lo r e  th e  p r o cess  a p p ro p r ia te  to  a p a r t ic u la r  need.
3 .1  U n iv e r s i t ie s  and C o lle g e s  p rov id e  a s u i t a b le  base fo r  m eetin gs o f  
l o c a l  Energy Managers* Groups, fo r  sh ort co u r ses  ( e i t h e r  open or fo r  
em ployees o f one o r g a n is a t io n )  and fo r  c o n fe r e n c e s . The f a c i l i t i e s  
f o r  m eetin gs of a l l  s i z e s ,  a u d lo -v ls u a l  a id s ,  c a te r in g  and so  on are  
a l l  a v a i la b le  and o f te n  through Bureaux o f I n d u s t r ia l  L ia is o n , th ere  
I s  good c o n ta c t  w ith  a l l  th o se  In th e  d i s t r i c t  l i k e l y  to  be 
I n t e r e s t e d .  For exam ple, th e  U n iv e r s ity  took  th e  I n i t i a t i v e  In th e  
form ation  of th e  G u ild ford  Energy Managers* Group fo r  which I t  
p ro v id es  accommodation and a d m in is tr a t iv e  back ing  and th e  sh o rt  
c o u r se s  o f fe r e d  a t  South Bank P o ly te c h n ic  have been d e scr ib ed  In th e  
accom panying paper by H.A. Rudgard ^
3 .2  A dvice on s p e c ia l i s e d  m atters w ith in  th e  e x p e r t is e  of th e  s t a f f  of a 
p a r t ic u la r  e d u c a t io n a l e s ta b lish m e n t I s  u s u a l ly  r e a d ily  a v a i la b le  to  
l o c a l  In d u str y . I f  not a t th e  n e a r e st  U n iv e r s ity  or C o lle g e  I t  I s  
q u ite  p rob ab le  th a t needs cou ld  be r a p id ly  p assed  on to  a n o th er , more 
a p p r o p r ia te , c e n tr e  s in c e  th ere  Is  a g e n e r a l aw areness of th e  s k i l l s  
of o th er  members o f th e  netw ork.
I n d iv id u a l  members of the s t a f f  undertake work fo r  o u ts id e  concerns In 
a v a r ie ty  o f way. *One-of-f* t e s t s ,  d e s ig n s . I n v e s t ig a t io n s ,  a n a ly se s  
can o f te n  be arranged on àn a d  h o c  b a s i s .  Some members a c t  as 
c o n s u lta n ts  to  p a r t ic u la r  firm s on a 'r e ta in e r *  b a s is  so  th a t  
c o n t in u ity  I s  en su red . Longer term s p e c i f i c  p r o je c t s  are u s u a lly  th e  
su b je c t  o f a c o n tr a c t  n e g o t ia te d  betw een th e  sp o n so r , th e  U n iv e r s ity  
and th e  member of s t a f f .
In  a l l  th e se  c a se s  th e  sponsor w i l l  pay a f e e  and exp en ses to  th e  
member of s t a f f .  Where, f o r  ex p er im en ta l work or o th e r  a c t i v i t y .  
U n iv e r s ity  a n c i l la r y  s t a f f  and m a te r ia ls  are In v o lv ed , th e se  w i l l  be 
charged (w ith  overh ead s) by th e  U n iv e r s ity .
3 .3  P r o je c t s  can be undertaken , under th e  s u p e r v is io n  of exp ert s t a f f ,  by 
f u l l - t i m e  r e se a r c h  s tu d e n ts  who are a b le  to  d ev o te  t h e ir  w hole tim e to  
th e  ta sk . These p r o je c t s  would need to  have an academ ic co n ten t  
s u i t a b le  f o r  2 y ea rs  ( fo r  M .P h ll .)  or 3 y ea rs  ( fo r  P h .D .) work. The 
s tu d e n t during t h is  tim e I s  based In th e  U n iv e r s ity  and makes u se  of 
I t s  la b o r a to r y , computer and l ib r a r y  f a c i l i t i e s .  The sp on sor pays th e  
s tu d e n t 's  f e e s ,  a m aintenance a llow an ce  and any s p e c i f i c  c o s t s  fo r  
equipment and t e c h n ic a l  a s s is t a n c e .
The SERC o p e r a te s  "C o-operative Awards In S c ie n c e  and Technology"  
(CASE) through which s tu d e n ts  are encouraged to  p a r t ic ip a t e  In a 
p r o je c t  j o in t ly  s e t  up by a U n iv e r s ity  and an o u ts id e  body (company, 
o r g a n is a t io n , government la b o ra to ry  e t c . ) .  The o u ts id e  b o d y 's  
f in a n c i a l  Involvem ent I s  shared w ith  th e  SERC In a way which I s  b e s t  
understood  by r e fe r e n c e  to  the a p p ro p r ia te  documents o b ta in a b le  from  
th e  SERC.
3 .4  C o lla b o r a tiv e  resea rch  Is  pursued by an em ployee w orking In house
- (under th e  s u p e r v is io n  of an I n d u s tr ia l  s u p e r v iso r  and an a p p r o p r ia te  
U n iv e r s ity  te a c h e r )  fo r  a h ig h er  d egree . He r e c e iv e s  normal sa la r y  
and the em ployer pays a sm all annual f e e  to  th e  U n iv e r s ity .
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3 .5  S h o r te r , l e s s  demanding t o p ic s  can he th e  su b je c t  o f f i n a l  year
undergraduate and p o stg ra d u a te  cou rse  s tu d e n ts '  p r o j e c t s  which l a s t
fo r  one to  th r e e  months f u l l - t i m e  or th e  e q u iv a le n t  spread over  a 
lo n g er  p e r io d . Again s p e c i f i c  c o s t s  would be met by th e  sponsor but 
th ere  are no s tu d e n ts '  f e e s  to  be m et. The t lm e s c a le  and c o s t s  can be 
sm a lle r  fo r  t h i s  approach which I s  p r e fe r a b le  f o r  p r o je c t s  which the  
sponsor has no s u i ta b ly  q u a l i f ie d  em ployee f r e e  to  u n d ertak e .
3 .6  T h e  T e a c h i n g  C o m p e m y  I s  a much more fo r m a lise d  means o f working  
to g e th e r  In which a R esearch  A s s o c ia te  supp orted  t e c h n ic a l ly  by th e  . 
U n iv e r s ity  works In an I n d u s tr ia l  con cern . E s p e c ia l ly  a p p ro p r ia te  fo r  
th e  in tr o d u c t io n  o f new methods or p r o c e ss e s  In to  m anufacturing  
In d u stry  t h is  scheme I s  supported  by th e  Department o f In d u stry  and 
th e  SERC from whom d e t a i l s  are  a v a i la b le  (T each in g  Company
D ir e c to r a te , SERC, P 0 Box 18, Swindon SN2 lE T ).
3 .7  In form al groupings o f com panies In a s s o c ia t io n  w ith  an e d u c a t io n a l  
e sta b lish m e n t have been I n i t ia t e d  In some a r e a s . For exam ple, th e  
M anufacturing I n d u s tr ie s  Development A s s o c ia t io n  In Surrey se ek s  to  
o f f e r  sm a ll com panies a r e a d ily  a v a i la b le  back ing of u p -to  th e  m inute 
tech n o logy  In s p e c i f i c  a r e a s .
4 .0  C on clu sion
In  h is  forew ord to  th e  Watt C om m ittee's rep o rt on Energy E d u ca tlon (^ )  
Dr. C h esters s t a t e s ,  "The need fo r  c lo s e r  c o l la b o r a t io n  betw een
u n i v e r s i t i e s  and In d u stry  has long been s t r e s s e d  but l i t t l e  appears to
have been done which I s  e f f e c t i v e .  Those concerned w ith  energy sh ou ld  
know more c le a r ly  what u n i v e r s i t i e s ,  p o ly te c h n ic s  and t e c h n ic a l  
c o l l e g e s  have to  o f f e r  and what In d u stry  seem s t o  want . . .  I f  we a re  
to  have any chance In th e  energy O lym pics r a c e , we m ist t r a in  now and 
t r a in  as one r a th e r  than two or more team s".
Through p r e s e n ta t io n s  a t  c o n fer e n c e s  such as t h i s  I t  i s  hoped th a t  
th o se  on I n d u s t r ia l  and e d u c a t io n a l f r o n t s  w i l l  seek  each o th e r  out t o  
f in d  ways o f c o -o p e r a t in g  to  t h e ir  m utual b e n e f i t .  S in c e  t h i s  must
a ls o  be to  th e  b e n e f it  o f th e  n a t io n . Government sh ou ld  be ex p ected  to
p rovid e th e  f in a n c ia l  f a c i l i t i e s  where th e s e  are needed . T r a d it io n a l  
support of e d u ca tio n  a c t i v i t i e s  In  a tim e o f g e n e r a l cu t-b ack  sh ou ld  
be supplem ented by s p e c i f i c  I n c e n t iv e s  to  th o se  m eetin g  th e  n a t io n a l  
need In  th e  ta sk  o f energy c o n se r v a tio n  and th e  b e t t e r  u se  o f our 
t o t a l  r e so u r c e s . T h is should  apply to  th e  w hole range o f c o u r ses  and 
o th er  forms o f c o -o p e r a t io n  f o r  which th e  p r e se n t  support r u le s  a re  
o f te n  r e s t r i c t i v e  and r ig i d .  T h is c o u n tr y 's  e d u c a t io n a l  
e s ta b lish m e n ts  rep r ese n t a s u b s t a n t ia l  en ergy  r e so u rc e  In  th e  
p o t e n t ia l  e f f e c t  of a g r e a te r  spread of know ledge in  making 
c o n s id e r a b le  re d u c tio n  In th e  n a t io n 's  energy  b i l l .
-  9 -
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APPENDIX
MSc in  Energy E n g in eer in g  : U n iv e r s ity  o f Surrey .
Course C ontent
I n tr o d u c tio n  to  Energy E n g in eer in g
A co n c e n tr a te d  In tro d u c tio n  to  th e  cou rse  d esign ed  to  p rov id e  p e r s p e c t iv e  
fo r  th e  more d e t a i le d  subsequent m a te r ia l .  I t  d e a ls  w ith  th e  v a r io u s  
r e so u r c e s  o f energy In  th e  w orld and th e  means by which they  are e x p lo i t e d .
System s and Management S tu d ie s
T h is  d e a ls  w ith  th e  t e c h n ic a l  c o n cep ts  o f system s and a p p ro p r ia te  c o n tr o l  
m ethods.
The rap id  I n c r e a s in g  a p p l ic a t io n s  o f m icro p ro cesso rs  are In c lu d ed .
M od ellin g  I s  a c e n tr a l  f e a tu r e  o f t h i s  cou rse  and th e  v a r io u s  a s p e c ts  o f  
econom ic m o d e llin g  are  a p p lie d  to  n a t io n a l  and company s i t u a t io n s .  P r o je c t  
a p p r a is a l  and c o s t - b e n e f l t  a n a ly s is  are  a p p lied  to  energy p r o j e c t s .
I n tr o d u c tio n  to  Energy Management
T h is u n it  I s  s t a f f e d  by a s s o c ia t e  and v i s i t i n g  le c t u r e r s  from In d u stry  and 
Is  concerned w ith  th e  a p p l ic a t io n  of energy c o n se r v a tio n  m easures in  
b u i ld in g s .  I n d u s tr ia l  p r o c e s s e s ,  tr a n sp o r t . I t  In c lu d e s  c o n s id e r a t io n  o f  
the human I s s u e s  o f Involvem ent o f em ployees In t h i s  a c t i v i t y .
Energy U t i l i s a t i o n  I
P a r t ic u la r  a c t i v i t i e s  and equipment In v o lv in g  energy u se  are g iv e n  more 
d e t a i le d  c o n s id e r a t io n . Examples are  h ea t ex ch a n g ers. I n s u la t io n ,  b u ild in g  
s e r v ic e s ,  and e l e c t r i c  m otors.
Energy U t i l i s a t i o n  I I
The e f f i c i e n t  u se  o f f o s s i l  f u e ls  I s  th e  su b je c t  o f t h i s  u n it  which  
In c lu d es  com bustion th e o r y , fu r n a c e , b o i le r  and burner d e s ig n  and 
s e l e c t i o n .
M a te r ia ls
The energy a n a ly s is  of p rod u ction  I s  co n sid ered  and m a te r ia ls  compared on 
an energy b a s i s .
Energy C onversion  and Prime Movers
The v a lu e  of therm odynam ics as an a n a ly t i c a l  approach to  th e  u n d ersta n d in g  
of energy c o n v e r s io n  I s  em phasised In t h i s  u n it  which a l s o  d e a ls  w ith  
c y c le s  f o r  power p la n t ,  r e f r ig e r a t io n  and a ir  c o n d it io n in g .
Energy C onversion  and D is tr ib u t io n
As e s s e n t i a l  background to  th e  use o f e l e c t r i c i t y  th e  p r in c ip le s  o f  
g e n e r a tio n  and d i s t r ib u t io n  are d is c u s s e d . O n -s lte  g e n e r a tio n  and t o t a l  
energy schemes are  In c lu d e d .
L aboratory
L aboratory work em p hasises m on itorin g  and In c lu d es  o n - s l t e  measurement and 
c o n tr o l  o f  e l e c t r i c a l  q u a n t i t i e s ,  com bustion param eters, tem peratu re and 
f l u i d  f lo w .
A W E  H e n h a m _____________   Paper 27
Continuing education in energy management
A W E  Henharii
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Education, Paris, and published, in Conference Proceedings, by 
the Société Européene pour la Formation des Ingénieurs 1983
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CONTINUING EDUCATION IN ENERGY MANAGEMENT FOR ENGINEERS
A.W.E. Henhtm, University of Surrey, Guildford, England
T h is  p a p er  d e s c r ib e s  t i ie  d ev e lo p m en t o f  à  p o s tg r a d u a te  o o u r s e  i n  t h e  
u t i l i s a t i o n ,  o p t im is a t io n  an d  nanageroent o f  e n e r ^ .  The c o u r s e  i s  c l o s e l y  
r e la t e d  t o  in d u s t r y  i n  a  number o f  vrays. A b ou t h a l f  t h e  s t u d e n t s  a r e  
r e le a s e d  o n e  d a y  a  w eek  t o  p a r t i c i p a t e  i n  t h e  c o u r s e  o v e r  tw o  y e a r s .  M 3st 
o f  th e  r e s t ,  c o r p l e t i n g  t h e  o o u r s e  f u l l  t im e  i n  o n e  y e a r ,  h a v e  s e r v e d  f o r  
im ny y e a r s  i n  in d u s t r y  o r  t h e  p u b l i c  s e c t o r .  T hey cure se c o n d e d  ftrora t h e i r  
en p lo y m en t and a r e  su p p o r te d  t y  th e  e n p lo y e r  o r  r e c e i v e  a  g r a n t  from  t h e  
govern m en t o r  EEC. S tu d e n ts  com e from  t h e  UK, o t h e r  B urcp ean  c o u n t r i e s ,  
A s ia ,  A f r ic a  and S o u th  A m erica . T h o se  from  t h e  l a s t  t h r e e  c o n t in e n t s  a r e  
o f t e n  g iv e n  a s s i s t a n c e  b y  t h e i r  g o v er n m en ts , e n p lc y e r s  o r  b y  t h e  B r i t i s h  
C o u n c i l .
The c o u r s e  s e e k s  t o  p r o v id e  a  b ackground  i n  t h e  s o u r c e s  o f  e n e r g y  and i n  
e n e r g y  c o n v e r s io n  p r o c e s s e s  b u t  i s  p r im a r i ly  c o n c e r n e d  w i t h  t h e  e f f i c i e n t  
management o f  e n e r g y  u s e  i n  p r i v a t e  and p u b l i c  s e c t o r s .  P r o j e c t  w ork, 
v h e n e v e r  p o s s i b l e ,  i s  u r d e r ta k e n  i n  c o n j u n c t io n  w i t h  t h e  s t u d e n t ' s  eirpL cyer  
o r  w ith  an in d u s tr y  w ith  w h ich  t h e  U n iv e r s i t y  h a s  r e s e a r c h  o r  c o n s u lt a n c y  
l i n k s .  A fe w  s t u d e n t s ,  h o w ev er , o c x r tr ib u te  t o  o n e  o f  t h e  Œ ig o in g  e n e r g y  
r e s e a r c h  p rogram nes o f  th e  U n iv e r s i t y .
The p a p e r  d e s c r ib e s  t h e  s e t t i n g  u p  o f  t h e  c x x ir se  i n  c o n j u n c t io n  w i t h  
in d u s tr y  and e n p h a s is e s  th e  v a r io u s  form s o f  c x x i tr ib u t io n  made t y  in d u s tr y  
t o  t h e  c o u r s e  c o n t e n t ,  a s  w e l l  a s  t h a t  n a d e  b y  t h e  c o u r s e  t o  t h e  
d ev e lo p m en t o f  c m c e p t s  o f  e n e r g y  management i n  in d u s t r y  and th e  
i n s t i t u t i o n s .  The c o u r s e  programme i s  o u t l i n e d  a n d  ex a m p le s  o f  c a s e  stu K ^  
and p r o j e c t  work p r e s e n t e d .
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1 .0  INTRODUCTION
E d u c a tio n  and t r a in i n g  i n  e n e r g y  im nagem ent may b e  u n d er ta k en  i n  nany  
d i f f e r e n t  an d  c o n p le m e n ta r y  w a y s . T h is  v a r i e t y  w as o u t l i n e d  t y  t h e  a u th o r  
i n  an e a r l i e r  p a p e r M o s t  o f  t h e  p r o v i s io n  o f  e n e r g y  e d u c a t io n  In  th e  
U.K.  r e v e a le d  i n  a  s u r v e y ^ v a s  e i t h e r  a t  u n d e r g r a d u a te  l e v e l ,  u s u a l l y  a s  
an o p t io n  o r  m o d i f i c a t io n  o f  an  e x i s t i n g  s c i e n c e  o r  e n g in e e r in g  c o u r s e ,  o r  
a s  s h o r t  c o u r s e s  a im ed  a t  p o s tg r a d u a te  o r  g e n e r a l  a u d ie n c e s .  The l a t t e r  
may b e  b e t t e r  d e s c r ib e d  a s  t r a in i n g  r a th e r  th a n  a s  e d u c a t io n  and c o v e r s  th e  
r a n g e  o f  t h o s e  in v o lv e d  i n  e n e r g y  u t i l i s a t i o n  frcxn c a r e t a k e r s  t o  
d i r e c t o r s ^ . U n i v e r s i t i e s  and s i m i l a r  e s t a b l i s h m e n t s  h a v e  nucb  t o  
c o n t r ib u t e  i n  t h e  f i e l d  o f  e n e r g y  n a n a g e n e n t n o t  o n ly  i n  t e a c h in g  b u t  a l s o  
i n  p ro m o tin g  i n t e r e s t  i n  t h e  s u b j e c t  and p r o v id in g  a  b a ck -u p  o f  a d v is o r y  
an d  r e s e a r c h  s e r v i c e s  M ost o f  t h e  p e o p le  r e s p c x is ib le  f o r  e n e r g y
m a t te r s  in  in d u s t r y ,  oonroerce and th e  p u b l i c  s e r v i c e s  a r e  n a tu r e  
e n g in e e r s .  I n  t h e  Ifr iited  Kingdom  t h e r e  a r e  e s t i n a t e d  t o  b e  a b o u t  27 0 0 0  
p o s tg r a d u a te  s t u d e n t s  o v e r  25 y e a r s  o f  age^^^ an d  i t  i s  l a r g e l y  i n t o  t h i s  
'n a r k e t '  t h a t  t h e  U n i v e r s i t y  o f  S u r rey  m oved w itd i t h e  i n t r o d u c t io n  o f  i t s  
M a ster  o f  S c ie n c e  E nergy  E n g in e e r in g  o o u r se  i n  1 9 7 8 .
2 . 0  INITIATION OF POSTGRADUATE OOURSE
2 .1  P la n n in g
On lo o k in g  i n t o  t h e  n eed s  f o r  e d u c a t io n  a  F u tu r e  P la n n in g  O a n n it te e  o f  th e  
F a c u lty  o f  E h g in e e r in g  d e c id e d  t o  lo c k  m ore d e e p ly  a t  tw o  s p e c i f i c  a r e a s ,  
o n e o f  them  E n ergy  E n g in e e r in g . A f t e r  t h i s  a  w o r k in g .p a r ty  p ro d u ced  
s y l l a b u s  d r a f t s  f o r  b o t h  u n d e r g r a d u a te  a n d  p o s tg r a d u a te  c o u r s e s .  On 
d i s c u s s i o n  w ith  r e p r e s e n t a t iv e  roentoers o f  i n d u s t r i a l  o c x ic e m s . G overnm ent 
d e p a r tm sn ts  an d  p r o f e s s i o n a l  in s t i t u t J .o n s  i t  w a s  f e l t  t h a t  t h e  maximum 
in p a c t  in  th e  s h o r t e s t  t im e  w o u ld  b e  o b ta in e d  from  t h e  p o s tg r a d u a te  
v e r s io n .  The r e a s o n s  f o r  t h i s  a r e  n any  b u t  t h e  m ore in p o r t a n t  a r e :  
u n d erg ra d u a te  o o u r s e  le a d  t im e  i s  l a i g e r  b e c a u s e  o f  t h e  u n i f i e d  a d m is s io n s  
s y s te m , t h e  c o u r s e  i t i s e l f  w o u ld  b e  lo n g e r  ( f o u r  y e a r s  i n s t e a d  o f  o n e ) , 
g r a d u a te s  w ould  n o t  h a v e  r e s p o n s ib le  o r  i n f l u e n t i a l  p o s i t i o n s  f o r  some t im e  
a f t e r  g r a d u a t io n  cund t h e  c o u r s e  c o u ld  n o t  b e  a s  e a s i l y  o f f e r e d  t o  t h o s e  i n  
f u l l - t i m e  en p lo y m en t. S u c c e s s  w ith  a  S y stem s E n g in e e r in g  MSc o o u r s e  i n  th e  
U n iv e r s i t y  e n c o u r a g e d  t h e  E h c u lty  t o  c c a is id e r  t h e  new  c o u r s e  f o r  b o t h  p a r t -  
t im e  and f u l l - t i m e  s tu d e n t s  in  p a r a l l e l .  T h is  n o t  o n ly  makes th e  c o u r s e  
a v a i l a b l e  t o  a n  a d d i t i o n a l  n unber o f  s t u d e n t s  w ho w o u ld  n o t  b e  a b l e  t o  
o b t a in  f u l l - t i m e  seocxidm ent b u t  c ils o  in c r e a s e s  t h e  p o s s i b i l i t y  t h a t  s e n io r  
p e o p le  c o u ld  a t t e n d .  T h is  v ie w  h a s  b e e n  j u s t i f i e d  b y  e x p e r ie n c e  a s
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recorded In Section 4.0. These students oan begin to apply the course 
content from their firs t day of attendance.
2.2 Consultiation
Having nade the decision to opt for the postgraduate oourse a brochure was 
produced and circulated to those outside the University thouÿit most likely 
to be able to oonroent. R^resentatives of proœss and manufacturing 
industries, government d^xartments, local authorities and the professional 
bodies were sent the proposals with an invitation to an afternocxi 
cxxisultation a t the Ihiversity. After an introduction to the proposal mem­
bers of the working party chaired small groups of the visitors and recorded 
their cxjiments and suggestions. Questionnaires for the same purpose \^re 
sent to those unable to acc^xt the invitaticxi.
As a result of a ll these reacticxis a final form of the course brochure v^s 
produced and circulated to external cxxitacrts vhich were likely to have 
suitable candidates. At the same time the technical and educational press 
was notified.
2.3 Pattern
Figure 1 shows how full-time and part-time patterns of study co-exist.
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Figure 1. Pattern of part-time and full-time courses.
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Partly in order not to take on too large a step increase in teaching load 
in one year and psurtly to assess the requirements of the representative 
actual students vho joined the firs t intake, only the part-time oourse vas 
given in year 1. The second year saw the beginning of the full-time course 
joining the firs t and second part-time intakes.
3.0 COURSE OONTENT
3.1 Cbjectives
The oourse, subtitled The u t i l i s a t io n .  O ptim isation  and Management o f  
Energy, is open to graduates of a ll engineering and applied physical 
science disciplines and to Chartered Engineers (i.e. of full professional 
status). I t  seeks to provide then with the necessary skills to tackle 
energy nanagenent in the real world and to give some experience of dealing 
with typical problems. Although the students are encouraged to work on a 
scale appropriate to their excisting or potential enployment, there is an 
awareness of the broader issues of world resource nanagenent of energy, 
money, naterials and narpower.
3.2 Syllabus
The oourse is divided into a nunber of subjects, each of vhich ocxistitutes 
a series of lectures reinforced, vhere appropriate, by tutorials and 
practical deronstraticxis. In some subjects all the lectures are given ty 
one menber of st:aff, in others by a team œnprising Uhiversity and exctemal 
lecturers. The breakdown into subjects is;
Introduction to Ehergy Ehgineering Ehergy Utilisation I
Systens and Management Studies Energy Utilisatic«i II
Introduction to Ehergy Ffenagerent Etiterials
Energy Conversion and Prime Movers Laboratory
Ehergy Conversion and Distribution Instrumentation
The choice of subject natter is influenced by the broad range of students 
admitted from a ll branches of engineering and from nary backgrounds of 
experience in eployment. Some review of the underlying engineering 
science is required in order to bring everyone to a canton base from vhich 
to begin looking at applications in the field of energy engineering 
nanaganent. Here again the interaction between students is inportant as 
graduate nechanical engineers assist their electrical or civil counterparts 
in an understanding of thermoc^ mamics vhile the reverse applies in the 
electrical distribution and building materials fields.
SEFI 34
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In addition to these sepcurate subjects there is an 'Energy Schenes' 
content. This comprises a series of group case studies of typical 
situations encountered in energy nanagenent and an individual study in 
d^th for the final project. In the group studies a progression is nade 
from strai^tforwcurd calculations of tightly specified problems throu^ 
laboratory-based cpen-ended investigations to case studies based on site 
visits. Considerable scope for everyone to contribute is available in 
these sessions since the lecturer poses the problems and acts as chairman 
in the subsequent discussion.
3.2.1 Projects
The wide range of projects is illustrated by some examples in Figure 2.
Univers ity-based "Industry-based"
CoriDusticxi of municipal waste 
Infra-red combustion cxxitrol 
CorrbusticHi in rotary canent 
kilns
Energy applicaticxis of flow­
meters
Electric motor control 
system
Wind turbines 
Solar energy storage 
Small-scale hydro plant for 
Sri larika
Fuel economy in passenger oars 
Lean-bum spa rk-ignition 
engine
Ehergy costs of electric 
v ^ ic le s
Ehergy comparison of 
communication methods 
Ehergy policy studies for 
Turkey and for Cyprus
Rotary heat exchanger matrix 
(CEGB)
Energy recovery in hospital air- 
conditioning (Cbntair)
Thermal performance of lew ther­
mal inertia Buildings 
(E Sussex C C)
computer control of building 
energy services (IBM)
L ifting ccxitrol in offices 
(PSA)
Ehergy considerations of school 
(Essex C C)
Ccmbined heat and power for 
freezing plant (Birds Eye - 
walls)
Energy utilisation at Slou^ 
college (Berkshire C C)
Total energy requirements of 
private cars (A A)
Energy cpticxis for Pakistan 
(Pakistan Ministry of Petroleum 
& îfetural Resources)
Ehergy analysis of pharmaceutical 
production ( Revlon Health care)
Figure 2. Some typical projects.
The final project is of special importance in that i t  gives depth to an 
otherwise broadly-based course in one field of special interest to the 
student. Part-time and some full-time students will come with a fairly 
well-defined project title  from their cxirrent or past industrial
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invDlvalent. For others there are many cn-going research topics in the 
University in the energy field into vhich MSc students can slot, making a 
specific contribution. I t is also possible for a student to be allocated 
to an industrial concern for the investigation of a peurticular prcblan 
which he can do with the backing of a University supervisor.
4.0 EXPERIENCE
The background of students varies very oonsiderably and this variation 
contributes greatly to the atmosphere of the group. Initially i t  was expected 
that full-time students would be young and relatively inexperienced vhereas 
part-timers would be mature and wise in the ways of the big world. In the 
event the recogniticxi of the oourse for awards for IK and overseas students 
and for sponsorship for employees has resulted in a more experienced full­
time class. There is a difference in average age at entry - 43 years for 
part-time, 32 years for full-time, but the range of ages overlaps 
oonsiderably. The first three intakes have demonstrated that experience in 
industry is necessary to get the most out of the course, and this is now a 
oourse requirement.
To give an indication of the type of group such a programme produces the 
present full-timie intake includes a former small company development 
engineer, an ex scientific civil servant, an FN Commander on seccndment, a 
young environmental engineering graduate with building services experience, 
a refinery engineer from Malaysia, a senior Government energy official from 
Pakistan and lecturers from Cyprus and Brazil. Part-timers are from a 
hospitial, a London bqrou^, a oounty council, a large building firm, a 
large food retail chain, two ccaisultancies, British Gas, British Fail and 
the Property Services Agency. Althou^ each student presents a seminar on 
an energy topic of his choice, informal opportunities to share this wide 
range of experience occur each time the oourse meets.
So far most of the initiative to attend the course has come from the 
students themselves. Many employers will, even if  under pressure, allow an 
enthusiastic member of staff to join the course but few will suggest i t .  
Possibly this is right as only strong perscmal motivaticai sees someone 
throu^ an advanced course after an absence frcsm stucfy - especially part- 
time. For those vho oome as full-time students without affiliation there 
is no shortage of offers of appointment at the end of the course. At a 
time vhen fees for overseas students have increased oonsiderably i t  is worth 
noting that the number of applicants from other countries is increas­
ing and so far students from 15 overseas countries have been enrolled.
34*
504
5.0 OUTREACH
Surrey's involvement in continuing education in energy nanagenent has not 
been confined to those vho have enrolled on this course. Specific 
connections with oottpanies are naintained ty merbers of the academic staff 
for consultancy and contract research work, sometines involving research 
students as well. The results of this and other work are nade more widely 
available through contributions to technical literature and conferences.
As another example, in-house courses have been provided for a large 
industrial group so that practising energy managers can be given guidance 
in the first stages of a corporate energy management programme. All these 
activities feed back the live concerns of industry into lectures and case 
stu<  ^material. A recent development has been arranged with the help of 
cane of our graduates who set up a short course for industry in Portugal 
conducted ty Surrey with a local university irput. Lastly in this category 
mention should be made of the Guildford Ehergy ^hnagers' Group set up at 
the initiative of the author in conjunction with the Government's Regional 
Ehergy Gtanservation Officer and based a t the University. Students are 
welcome to attend the meetings vhere they meet local energy managers and 
have the opportunity of discussing the current concerns of their copanies 
or institutions. This helps those without existing enployment to be aware 
of the opportunities and challenges of some of the various types of work 
cpen to them on graduation.
6.0 OONCLUSim
The oourse appears to have met a real need among practising engineers for 
continuing education in this field. The proportion, among those enrolling, 
of experienced engineers seeking midcareer educational opportunities has 
been much h i^er than those vho conceived the course imagined and the 
contribution made ty these students to the University has been appreciable.
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POSTGRADUATE EDUCATION IN ENERGY ENGINEERING 
A W E  Henham
University of Surrey Guildford England 6U2 5XH 
SUMMARY
This paper describes the development of a postgraduate course in the 
utilization, optimisation and management of energy. The course is closely 
related to industry in a number of ways. About half the students are 
released one day a week to participate in the course over two years. Most 
of the rest, completing the course full time in one year, have served for 
many years in industry or the public sector. UK students are mostly 
seconded from their employment and supported by the employer or receive a 
grant from the government or EEC. Students from other European countries, 
Asia, Africa and South America are often given assistance by their 
governments, employers or by the British Council (for certain countries 
only) or other agency.
The course seeks to provide a background in the sources of energy and in 
energy conversion processes but is primarily concerned with the efficient 
management of energy use in private and public sectors. Project work, 
whenever possible, is undertaken in conjunction with the student's employer 
or with an industry with which the University has research or consultancy 
links. A few students, however, contribute to one of the on-going energy 
research programmes of the University.
The paper describes the setting up and subsequent development of the course 
in conjunction with industry and emphasises the various forms of 
contribution made by industry to the course content, as well as that made 
by the course to the application of concepts of energy management in 
industry and the institutions. The course programme is outlined and 
examples of case study and project work presented.
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1.0 nnoDocnoE
Education and training in energy management may be undertaken in many 
different and complementary ways. This variety was outlined by the author 
in an earlier paper^^L Most of the provision of energy education in the 
U.K. revealed in a survey in 1980^^^ was either at undergraduate level, 
usually as an option or modification of an existing science or engineering 
course, or a short course aimed at postgraduate or general audiences. The 
latter may be better described as training rather than as education and 
covers the range of those involved in energy utilization from caretakers to 
directors Universities and similar establishments have much to
contribute in the field of energy management not only in teaching but also 
in promoting interest in the subject and providing a back-up of advisory
and research s e r v i c e s M o s t  of the people responsible for energy
matters in industry, commerce and the public services are mature
engineers. In the United Kingdom there are estimated to be about 27 000 
postgraduate students over 25 years of age^^) and it is largely into this 
'market* that the University of Surrey moved with the introduction of its 
Master of Science Energy Engineering course in 1978.
2.0 TMTTTATTcm OF FOSICSADOAXB OOURSE
2 .1  Flamming
On looking into the needs for education in the future a Future Planning 
Committee of the Faculty of Engineering decided to look more deeply at two 
specific areas, one of them Energy Engineering. After this a working party 
produced syllabus drafts for both undergraduate and postgraduate courses. 
On discussion with representative members of industrial concerns.
Government departments and professional institutions it was felt that the 
maximum Impact in the shortest time would be obtained from the postgraduate 
version. The reasons for this are many but the more important are:
undergraduate course lead time is longer because of the unified admissions 
system, the course itself would be longer (four years instead of one), 
graduates would not have responsible or influential positions for some time 
after graduation and the course could not be as easily offered to those in 
full-time employment. Success with a Systems Engineering MSc course in the 
University encouraged the Faculty to consider the new course for both part- 
time and full-time students in parallel. This not only makes the course 
available to an additional number of students who would not be able to 
obtain full-time secondment but also increases the possibility that senior 
people could attend. This view has been justified by experience as
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recorded in Section 4.0. These students can begin to apply the course 
content from their first day of attendance. This does not imply that 
others are not right in providing other levels and lengths of course, but 
for Surrey, at that time it still seems that the right decision was made.
2.2 Consultation
Having made the decision to opt for the postgraduate course a brochure was 
produced and circulated to those outside the University thought most likely 
to be able to comment. Representatives of process and manufacturing 
industries, government departments, local authorities and the professional 
bodies were sent the proposals with an invitation to an afternoon 
consultation at the University. After an introduction to the proposal, 
members of the working party chaired small groups of the visitors and 
recorded their comments and suggestions. Questionnaires for the same 
purpose were sent to those unable to accept the Invitation.
As a result of all these reactions a final form of the course brochure was 
produced and circulated to external contacts which were likely to have 
suitable candidates. At the same time the technical and educational press 
was notified.
2.3 Pattern
Figure 1 shows how full-time and part-time patterns of study co—exist.
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Figure 1. Pattern of part-time and full-time courses.
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Partly in order not to take on too large a step Increase in teaching load 
in one year and partly to assess the requirements of the representative 
actual students %dio Joined the first intake, only the part-time course was 
given in year 1. The second year saw the beginning of the full-time course 
joining the first and second part-time intakes and broadening the range of 
potential students able to apply.
3.0 COURSE COHTEHT
3.1 Objectives
The course, subtitled The U t i l i z a t i o n ,  O p t im is a t io n  and M anagaaent o f  
Energy, is open to graduates of all engineering and applied physical 
science disciplines and to Chartered Engineers (i.e. of full professional 
status). It seeks to provide them with the necessary skills to perform 
energy management in the real world and to give some experience of tackling 
typical problems. Although the students are encouraged to work on a scale 
appropriate to their existing or potential employment, there is an 
awareness of the broader issues of world resource management of energy, 
money, materials and manpower.
3.2 Syllabus
The course is divided into a number of subjects, each of which constitutes 
a series of lectures reinforced, where appropriate, by tutorials and 
practical demonstrations. In some subjects all the lectures are given by 
one member of staff, in others by a team comprising University and external 
lecturers. The breakdown into subjects is:
Introduction to Energy Engineering Energy Utilization I
Systems and Management Studies Energy Utilization II
Introduction to Energy Management
Energy Conversion and Prime Movers Laboratory
Energy Conversion and Distribution Instrumentation
The choice of subject matter is Influenced by the broad range of students 
admitted from all branches of engineering and from many backgrounds of 
experience in employment. Some review of the underlying engineering 
science Is required in order to bring everyone to a common base from which 
to begin looking at applications in the field of energy engineering 
management. Here again the interaction between students is important as 
graduate mechanical engineers assist their electrical or civil counterparts
8 8
in an understanding of thermodynamics while the reverse applies in the 
electrical distribution and building materials fields•
3.2.1 Energy Schemes
Taking a wider view than individual subjects, while drawing on their 
content, is an Energy Schemes component. This comprises a series of group 
case studies of typical situations encountered in energy management and an 
individual study in depth for the final project. In the group studies a 
progression is made from straightforward calculations of tightly specified 
problems through laboratory-based open-ended investigations to case studies 
based on site visits. Considerable scope for everyone to contribute is 
available in these sessions since the lecturer poses the problems and acts 
as chairman in the subsequent discussion.
3.2.2 Laboratory
The laboratory work is not an extension of undergraduate type set-piece 
experiments. Bather there is a specific intention to examine techniques of 
broad application in energy management. A two-day concentrated laboratory 
course on instrumentation is held in the Easter vacation. In the same week 
a two day ’hands-on” microprocessor course is held in the Department of 
Mechanical Engineering's multi-station teaching laboratory, familiarising 
students with the working principles and programming of microprocessors. 
Teaching back-up in the form of preparatory courses is given during the 
second term in measurement and computing science.
3.2.3 Projects
The wide range of projects is illustrated by some examples in Figures 2 + 3.
Table 1 - University Based
Electric motor control system
Horizontal axis wind turbine
Solar energy and storage system
Small scale hydro-electric plant for Sri Lanka
Fuel policy for Turkey Fuel policy for Malaysia Fuel policy for Cyprus
Rotary cement kilns
Combustion of municipal waste
Combustion of refuse derived fuels
Infra-red combustion control system
Combustion of heavy fuel oil
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Energy applications for flow metering 
Domestic oil-fired boilers
Performance of building control system in University 
Energy recovery from ventilation systems in University 
Communication; comparison of energy costs in moving and 
non-moving methods 
Energy costs of electric vehicles 
Fuel economy in private cars
High-compression, lean-bum, spark-ignition engine 
Educational implications of energy 
Energy audit documentation
Table 2 - Soma typical 'Industry Based* projects
Estimation of plant capacity for building heating (PSA)
Computer control of building energy services (IBM)
Services design for new building (consultancy)
Low energy design for office block structure and services (Tuckey Ford) 
Thermal performance of low thermal inertia buildings (East Sussex CC) 
Thermal characteristics of intermittently-heated buildings 
(London Electricity Board)
Influence of thermal mass on energy requirements (Wimpey Laboratories) 
Hotwater supply in commercial buildings (British Gas)
Performance of heating controls (PSA)
Lighting control in group space office (PSA)
Energy utilization at Slough College (Berkshire CC)
Energy recovery in hospital air-conditioning systems (Contair Ltd) 
Energy survey on industrial site (Revlon Health Care (UK) Ltd)
Energy considerations of school buildings (Essex CC)
Energy use at Gatwick Airport (British Airports Authority)
Energy study of civic centre (London Borough of Hillingdon)
Study of hot water system for rebuilt hospital 
(SW Surrey Health District)
Energy survey of hospital (NW Surrey Health District)
Hospital energy utilization (Kingston & Esher Health Authority)
Energy use in liquid storage terminal (Unitank Storage Go Ltd)
Electric power use in a process plant (James Walker & Co Ltd)
Combined heat and power plant assessment (PSA)
Performance of large chiller plant
(Royal Borough of Kensington & Chelsea)
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Domestic heat pump with storage (PCL)
Performance of corrugated plates as rotary heat exchanger matrix (ŒGB) 
Total energy requirement of private cars (AA)
Energy sources for Pakistan
(Pakistan Ministry of Petroleum and Natural Resources)
The final project is of special importance in that it gives depth to an 
otherwise broadly—based course in one field of special interest to the 
student* Part-time and some full-time students will come with a fairly 
^^ ^^ ""(iGfined project title from their current or past industrial
involvement » For others there are many on-going research topics in the 
University in the energy field into which MSc students can slot, making a 
specific contribution * It is also possible for a student to be allocated
to an industrial concern for the investigation of a particular problem
which he can do with the backing of a University supervisor. This is
especially useful for those with limited experience of energy—related work 
in industry or the public sector.
4.0 EXPERIENCE
The background of students varies very considerably and this variation
contributes greatly to the atmosphere of the group. Initially it was
expected that full-time students would be young and relatively
inexperienced whereas part-timers would be mature and wise in the ways of
the big world. In the event the recognition of the course for awards for
UK and overseas students and for sponsorship for employees has resulted in
a more experienced full-time class. There is a difference in average age
at entry - 38 years for part-time, 32 years for full-time, but the range of
ages overlaps considerably. The first Intakes demonstrated that experience
in industry is necessary to get the most out of the course, and this is now
a course requirement. Indeed experience is taken into account balancing
academic achievement when considering candidates. Those with a broad
experience of industry over a long period will be considered at the minimum
level of qualification required for Chartered Engineer status, while recent
graduates with the minimum of time in Industry (usually a year) are
required to have at least a degree with second class honours, lower 
division.
4.1 Student background
The spread of former and current employment is very wide Indeed compared
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with that for entrants to traditional MSc courses. Full time students have 
come from 15 overseas countries and this has been during the period when 
the fees were greatly increased for non-EEC members. Overseas students 
have included, for example, an industrial manager from a Brazilian ceramics 
factory, an Iraqi oil company control engineer, a Turkish chemical plant 
engineer, a Malaysian refinery engineer, a Nigerian electric power 
engineering director, officials of the Ministry of Petroleum and Natural 
Resources in Pakistan, a building services engineer from Hong Kong and 
lecturers from Brazil, Cyprus, Malaysia and the People's Republic of China.
UK full-time and part-time students have come from a wide range of 
employers as heavy and light industry, building and construction companies, 
consultancies, food companies, local government, hospitals, colleges and 
polytechnics, the armed services, the Property Services Agency, gas and 
electricity boards.
Opportunities are provided for students to share this experience formally 
by giving a seminar to their fellow students and any others who wish to 
attend. Informally they communicate with other members of the course and 
so are drawing on their background all the time for the benefit of the 
whole group.
4.2 Initiative
So far most of the initiative to attend the course has come from the 
students themselves.  ^Many employers will, even if under pressure, allow an 
enthusiastic member of staff to join the course but few will suggest it. 
Possibly this is right as only strong personal motivation sees someone 
through an advanced course after an absence from study - especially part- 
time. For those who come as full-time students without affiliation there 
is no shortage of offers of appointment at the end of the course.
5.0 OUIRKAŒ
Surrey's involvement in continuing education in energy management has not 
been confined to those who have enrolled on this course. Specific 
connections with companies are maintained by members of the academic staff 
for consultancy and contract research work, sometimes involving research 
students as well. The results of this and other work are made more widely 
available through contributions to technical literature and conferences. 
As another example, in-house courses have been provided for a large
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industrial group so that practising energy managers can be given guidance 
in the first stages of a corporate energy management programme. All these 
activities feed back the live concerns of industry into lectures and case 
study material. A recent development has been arranged with the help of 
one of our graduates who set up a short course for industry in Portugal 
conducted by Surrey with a local university input. Lastly in this category 
mention should be made of the Guildford Energy Management Group set up at 
the initiative of the author in conjunction with the Government's Regional 
Energy Efficiency Officer and based at the University. Students are 
welcome to attend the meetings where they meet local energy managers and 
have the opportunity of discussing the current concerns of their companies 
or Institutions. This helps those without existing employment to be aware 
of the opportunities and challenges of some of the various types of work 
open to them on graduation.
5.1 Engineering and Economics
In addition to the engineering involvement with the energy scene Surrey is 
very active in Energy Economics through the work of its Economics 
Department with its Surrey Energy Economics Gsntre. A parallel course 
provides studies for an MSc in Energy Economics and the two course teams 
contribute to the teaching of both courses. The interaction of these two 
interests on one campus is a broadening influence in understanding energy 
problems.
6.0 OQHCLUSK»
The course appears to have met a real need among practising engineers for 
continuing education in this field. The proportion, among those enrolling, 
of experienced engineers seeking mid-career educational opportunities has 
been much higher than those who conceived the course imagined and the 
contribution made by these students to the University has been appreciable.
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SUMMARY
From th e  p la n n in g  s t a g e s  onwards i n d u s t r y  has b een  i n v o l v e d  i n  th e  
U n i v e r s i t y  o f  S u rrey  MSc Course i n  Energy E n g i n e e r i n g .  P a r t - t i m e  and some 
f u l l - t i m e  s t u d e n t s  have b een  r e l e a s e d  a n d /o r  s p o n s o r e d  by t h e i r  e m p lo y e r s ,  
who a l s o  a l lo w  them to  pursue d i s s e r t a t i o n  p r o j e c t s  i n  c o n j u n c t i o n  w ith  
t h e i r  em ploym ent.
O ther  i n d u s t r i a l  in p u t s  i n c l u d e  f a c i l i t i e s  f o r  c a s e  s tu d y  v i s i t s ,  
l i t e r a t u r e  on p ro d u c ts  and p r o c e s s e s ,  v i s i t i n g  l e c t u r e r s  and p r o v i s i o n  o f  
p r o j e c t s  f o r  U n i v e r s i t y - b a s e d  s t u d e n t s .  I n d u s tr y  and p u b l i c  s e c t o r  
e s t a b l i s h m e n t s  draw on th e  U n i v e r s i t y  f o r  c o n s u l t i n g  work, en er g y  s u r v e y s  
and c o n t r a c t  r e s e a r c h .  The U n i v e r s i t y  p r o v id e s  th e  a d m i n i s t r a t i o n  and a 
m e et in g  p la c e  fo r  the l o c a l  Energy Management Group m e e t in g  th e  n eed s  o f  
th o s e  r e s p o n s i b l e  fo r  th e  e f f i c i e n t  u se  o f  en er g y  In I n d u s t r y ,  commerce 
h o s p i t a l s  and l o c a l  governm ent b u i l d i n g s .  Many c o n c e r n s  p a r t i c i p a t e  in  a 
number o f  t h e s e  forms o f  c o - o p e r a t i o n .
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1.0 INTROroCTION
The Energy E n g in e e r in g  a c t i v i t y  a t  th e  U n i v e r s i t y  o f  S u r rey  i s  b a sed  upon a 
M aster o f  S c i e n c e  c o u r s e .  T h is  i s  a t a u g h t  c o u r s e ,  i n c l u d i n g  an i n d i v i d u a l  
s t u d y ,  l a s t i n g  one c a le n d a r  y e a r  f u l l - t i m e  or  two y e a r s  p a r t - t i m e .  The 
c o u r s e  i n i t i a t e d  in  1978 has b een  d e s c r ib e d  and i t s  p h i lo s o p h y  o u t l i n e d  
e l s e w h e r e  (Henham 1 9 8 3 ,1 9 8 4 ) .  For t h e  p r e s e n t  p u rp o se  th e  im p o r ta n t  p o in t s  
a re  th a t  th e  c o u r s e  was d e s ig n e d  t o  meet th e  p e r c e i v e d  n eed s  o f  i n d u s t r y  
and th e  p u b l i c  s e c t o r  b o th  i n  th e  UK and o v e r s e a s .  The i n t e n t i o n  was th a t  
g r a d u a te s  o f  v a r io u s  e n g i n e e r i n g  and a p p l i e d  s c i e n c e  d i s c i p l i n e s  would be  
a c c e p t e d  and t h a t  e x p e r ie n c e  i n  th e  a p p l i c a t i o n s  o f  t h e i r  s u b j e c t s  would  
have been  o b ta in e d  b e fo r e  e n t r y .  The p r o p o s a l s  f o r  t h e  c o u r s e  w ere  
c i r c u l a t e d  to  c o n t a c t s  i n  i n d u s t r y ,  governm ent and p r o f e s s i o n a l  
i n s t i t u t i o n s  who were i n v i t e d  to  come to  th e  U n i v e r s i t y  and d i s c u s s  t h e s e  
w it h  th e  c o u r s e  team . So a fo u n d a t io n  o f  i n d u s t r i a l  c o - o p e r a t i o n  was l a i d  
b e f o r e  th e  f i r s t  s t u d e n t  r e g i s t e r e d .  The p o s t  e x p e r i e n c e  n a tu r e  o f  th e  
p r o p o s a l  has b een  j u s t i f i e d  by th e  a p p l i c a t i o n s  r e c e i v e d .  Cambel and 
Madden (1 9 8 5 )  draw a t t e n t i o n  to  th e  s h o r t  l i f e s p a n  o f  c o n t e n t  o f  
e n g i n e e r i n g  c o u r s e s  and t h i s  would seem t o  s u p p o r t  th e  need f o r  t h i s  
p a t t e r n  o f  m i d - s e r v ic e  e d u c a t io n  w h eth er  f u l l  o r  p a r t - t i m e .
2.0 SOÜRŒS OF STUDENTS
2 .1  P a r t - t im e  s t u d e n t s .
When th e  c o u r s e  opened th e  f i r s t  i n t a k e  was e n t i r e l y  o f  p a r t - t i m e  s t u d e n t s  
and, a l th o u g h  en erg y  managers and p o t e n t i a l  en e r g y  m anagers w ere th e  t a r g e t  
g ro u p ,  th e  sp read  o f  job  t i t l e s  was w id e .  T h is  has b een  th e  c a s e  f o r  p a r t -  
tim e s t u d e n t s  e v e r  s i n c e .  Some o f  t h e s e  a r e  l i s t e d  in  T a b le  1 .
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C h ief  E n g in e e r ,  N a t io n a l  M otor ing  O r g a n i s a t i o n .
R e f r i g e r a t i o n  E n g in e e r ,  F rozen  Food P r o c e s s i n g  Company.
L e c t u r e r s ,  P o l y t e c h n i c s  and T e c h n i c a l  C o l l e g e s - 
R esearch  E n g in e e r ,  B r i t i s h  Gas
T e c h n ic a l  C o n su lta n cy  S e r v i c e  E n g in e e r ,  B r i t i s h  Gas
P la n n in g  E n g in e e r ,  B r i t i s h  Gas
S a l e s  E n g in e e r ,  B r i t i s h  Gas
B u i ld in g  S e r v i c e s  E n g in e e r ,  U n i v e r s i t y
T e c h n ic a l  D i r e c t o r ,  H e a t in g  « V e n t i l a t i n g  Equipment M a n u fa c tu r er .  
Managing D ir e c t o r ,  H e a t in g  & V e n t i l a t i n g  C o n s u l ta n c y .
Energy C o n se r v a t io n  E n g in e e r s ,B o r o u g h  and County C o u n c i ls  
Group Energy C o -o r d in a to r ,  Group o f  Tim ber C om panies.
London R e p r e s e n t a t i v e ,  O v e r s e a s  E l e c t r i c i t y  A u t h o r i t y .
B u i ld in g  Management E n g in e e r ,  Food R e t a i l i n g  Company.
E n g in e e r  O f f i c e r ,  R oyal Navy
R e g io n a l  E n g in e e r ,  Government D epartm en t.
R e g io n a l  Energy C o n s e r v a t io n  O f f i c e r ,  Government D epartm ent.  
H o s p i t a l  E n g in e e r ,  Area H e a l th  A u t h o r i t y  
E n g in e e r ,  R e g io n a l  E l e c t r i c i t y  B oard .
P a r t n e r s ,  B u i ld in g  S e r v i c e s  C o n s u l t a n c i e s .
E n g in e e r ,  Energy Management Company
TABLE 1. Part-time Students — Posts held in employment
S tu d e n t s  from t h i s  w ide range o f  back grou nd s make an e f f e c t i v e  c o n t r i b u t i o n  
t o  th e  c o u r s e  by s h a r in g  t h e i r  v a r i e d  e x p e r i e n c e  w i t h  ea ch  o t h e r .  In  
g e n e r a l  em ployers  pay f e e s  ( s e t  a t  a m odest l e v e l  t o  en c o u r a g e  t h i s  ty p e  o f  
in v o lv e m e n t  w i th  th e  U n i v e r s i t y )  a n d , s o m e t im e s , p r o v id e  t r a v e l l i n g  
e x p e n s e s .
2 . 2  F u l l - t i m e  S tu d e n t s
In th e  f o l l o w i n g  y e a r  th e  c o u r s e  expanded t o  ad m it  f u l l - t i m e  s t u d e n t s .
There a re  v a r io u s  means by which t h e s e  s t u d e n t s  a r e  e n a b le d  to  spend 12 
months in  f u l l  t im e e d u c a t io n  and t h e s e  to  some e x t e n t  d e te r m in e  th e  
s o u r c e s  from which g r a d u a te s  e n t e r  th e  c o u r s e .
Young g r a d u a te s  coming s t r a i g h t  from f i r s t  d e g r e e  c o u r s e s ,  but h a v in g  some 
i n d u s t r i a l  e x p e r ie n c e  a l r e a d y ,  a re  a b le  to  r e c e i v e  f e e s  and a s m a l l  
m a in ten a n ce  a l lo w a n c e  through th e  S c i e n c e  and E n g in e e r in g  R esea rch  
C o u n c i l ' s  Advanced Course S t u d e n t s h i p s .  In g e n e r a l  th e y  do t h i s  b e c a u s e  
th e y  a re  w e l l  q u a l i f i e d  in  one e n g i n e e r i n g  or  a p p l i e d  s c i e n c e  d i s c i p l i n e  
but w ish  to  have a b road er  b ase  o f  a l l  th e  d i s c i p l i n e s  in v o lv e d  i n  Energy
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E n g in e e r in g .  C o n seq u en t ly  t h e s e  s t u d e n t s  d e v e lo p  a p t i t u d e s  w h ich  a re  
a p p r o p r ia t e  to  s p e c i f i c  i n d u s t r i a l  n e e d s .  O lder c a n d i d a t e s ,  w a n t in g  to  
q u a l i f y  f o r  c a r e e r  d ev e lo p m en t o p p o r t u n i t i e s  or  f i n d i n g  t h e i r  e x i s t i n g  
p o s i t i o n  i s  n o t  l e a d i n g  to  th e  ty p e  o f  work th e y  would l i k e ,  can  a p p ly  f o r  
a n o th e r  governm ent g r a n t  from th e  T r a in in g  O p p o r t u n i t i e s  Scheme (TOPS) o f  
th e  Manpower S e r v i c e s  Comm ission. T h is  i s  e s p e c i a l l y  a p p r o p r ia t e  f o r  t h o s e  
w orking  i n  d e c l i n i n g  i n d u s t r i e s  a l th o u g h  one o f  t h e s e ,  European Iro n  and 
S t e e l ,  has i t s  own scheme f o r  f i n a n c i n g  ' r e t a i n i n g *  w hich  has sp o n s o r e d  two 
members o f  th e  c o u r s e  so  f a r .  Secondment from employment f u l l  t im e  i s  
r a t h e r  u n u su a l a s  th e  c o s t s  o f  f u l l  s a l a r y  p lu s  f e e s  and e x p e n s e s  a re  
c o n s i d e r a b l e  b ut th e  p u b l i c  s e c t o r  d o e s  o f f e r  t h i s  i n  s p e c i a l  c a s e s .
O v ersea s  s t u d e n t s  from f u l l - t i m e  employment a r e  much more o f t e n  sec o n d ed  
s i n c e  th e  p a r t - t i m e  a l t e r n a t i v e  i s  o b v i o u s l y  n o t  a v a i l a b l e  to  them . M ost ,  
b ut not a l l ,  o f  t h e s e  a r e  a l s o  from th e  p u b l i c  s e c t o r  which  c o v e r s  a w id e  
ran ge  o f  a c t i v i t i e s  i n  many c o u n t r i e s  from governm ent en er g y  d e p a r tm e n ts  to  
p etr o le u m  c o r p o r a t i o n s .
T h e ir  em ployers  o f t e n  n om inate  t h e s e  s t u d e n t s  f o r  awards from t h e i r  own 
go v ern m en ts ,  from r e g i o n a l  t r u s t s  and from th e  B r i t i s h  C o u n c i l .  T hose  
com ing from o v e r s e a s  a r e  o f t e n  from c e n t r a l  d e c i s io n - m a k in g  b o d i e s  and w i l l  
re tu r n  to  i n f l u e n t i a l  p o s i t i o n s  in  them. T a b le  2 shows some o f  th e  
o v e r s e a s  o r g a n i s a t i o n s  from w hich s t u d e n t s  have j o in e d  th e  c o u r s e .  As f o r  
th e  UK th ey  in c lu d e  h ig h e r  e d u c a t io n  e s t a b l i s h m e n t s .
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B r a z i l i a n  M in i s t r y  o f  E d u c a t io n  ( P o n t i f i c a l  U n i v e r s i t y  o f
Rio de J a n e i r o
Cyprus H igher T e c h n ic a l  I n s t i t u t e
I n d u s t r i a  de A z u le j o s  ( B r a z i l i a n  Ceramics Company)
I r a q i  S t a t e  O r g a n is a t io n  f o r  O i l  P r o j e c t s
M a la y s ia n  M in i s t r y  o f  E d u ca t io n  ( U n i v e r s i t i  T e k n o lo g i  M a la y s ia )  
Anglo A f r ic a n  I n d u s t r i e s  (M alaw i)
N a t io n a l  E l e c t r i c  Power A u t h o r i t y  o f  N i g e r ia  
P a k i s t a n  M in i s t r y  o f  P e tro leu m  and N a tu r a l  R e so u r c e s  
Sudan M in i s t r y  o f  I r r i g a t i o n  and H y d r o - E l e c t r i c  Power 
D i r e c t o r a t e  o f  Energy C o n v ers io n  and C o n s e r v a t io n ,  I n d o n e s ia  
S r i w i j a y a  U n i v e r s i t y ,  I n d o n e s ia
MEI P r o j e c t  E n g in e e r in g  (S in g a p o r e  B u i ld in g  S e r v i c e s  Company) 
I n s t i t u t e  o f  H y d r o reso u rc es  and E l e c t r i f i c a t i o n ,  Panama 
V a r io u s  u n i v e r s i t i e s  o f  P e o p l e ' s  R e p u b lic  o f  China
(t h r o u g h  Commission o f  European C om m ittees)  
Ceylon P e tro leu m  Company ( S r i  Lanka)
HMT C onsort (HK) Ltd(Hong Hong B u i l d in g  S e r v i c e s  Company)
S o a res  de Alm eida & Ca ( P o r t u g e s e  B u i l d in g  S e r v i c e s  Company)
TABLE 2. Full-time students — Overseas organisations from which students 
have been released to attend the course
3 . 0  COURSE CONTENT
D e c i s io n s  ab out th e  c o u r s e  c o n t e n t  were made a f t e r  c l o s e  c o n s u l t a t i o n  w ith  
i n d u s t r y  and d ev e lo p m en t o f  th e  c o n t e n t  d e r i v e s  from th e  many forms o f  
c o n t a c t  w ith  i n d u s t r y  d i s c u s s e d  e l s e w h e r e  i n  t h i s  p a p e r .
3 .1  L e c t u r e r s  from I n d u s tr y
An im p o rta n t  p a r t  i s  p la y e d  by v i s i t o r s  from i n d u s t r y  who g i v e  one o r  two 
l e c t u r e s  each  y e a r  and by a s s o c i a t e  l e c t u r e r s  who come in  to  g i v e  a s e r i e s  
o f  l e c t u r e s  and who w i l l  a l s o  s e t  and mark e x a m in a t io n  q u e s t i o n s  on t h e i r  
s e c t i o n s  o f  th e  c o u r s e .  T h is  p a r t i c i p a t i o n  e n s u r e s  t h a t  u p - t o - d a t e  i s s u e s  
a r e  p r e s e n t e d ,  contem porary  exam ples  o f  p r a c t i c e  and equ ipm ent in c lu d e d  and 
t h a t  s t u d e n t s  have o p p o r t u n i t i e s  o f  d i s c u s s i o n  w ith  p e o p le  i n v o lv e d  in  th e  
ev e ry d a y  r e a l i t i e s  o f  i n d u s t r i a l  l i f e .  As w e l l  a s  a c r o s s - s e c t i o n  o f
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i n d u s t r i e s  t h e s e  v i s i t i n g  l e c t u r e r s  r e p r e s e n t  a ra n g e  o f  p r o f e s s i o n a l  
a c t i v i t i t i e s
a r c h i t e c t s ,  c o n s u l t a n t s , b u i l d i n g  s e r v i c e s  e n g i n e e r s  
c o n t r o l  e n g i n e e r s ,  p la n n e r s ,  e c o n o m is t s ,  f u e l  and co m b u st io n  
t e c h n o l o g i s t s ,  c i v i l  e n g i n e e r s ,  d e s i g n e r s ,  
r e s e a r c h  w orkers and, o f  c o u r s e ,  e n e r g y  m a n a g ers .
I n d u s tr y  has c o o p e r a te d  r e a d i l y  i n  t h i s  p a r t  o f  th e  programme and o n ly  v e r y  
r a r e l y  d o es  a company or governm ent body r e f u s e  t o  a l l o w  a member o f  i t s  
s t a f f  t o  u n d er ta k e  t h i s  t a s k  i n  h i s  or  h er  w ork in g  t im e .  One w ould  e x p e c t  
t h i s  i n  th e  c a s e  o f  o r g a n i s a t i o n s  s u p p ly in g  form s o f  e n e r g y  o r  e n e r g y  
equ ipm ent b u t  i t  i s  e q u a l l y  t r u e  o f  t h o s e  who h ave  s u c c e s s f u l l y  i n i t i a t e d  
programmes o f  e f f i c i e n c y  in  en erg y  u t i l i z a t i o n .  A f u r t h e r  c o n t a c t  w i th  
i n d u s t r y  has b een  made by o p en in g  t h e s e  s p e c i a l  l e c t u r e s  to  anyone from  
l o c a l  i n d u s t r y  who would l i k e  to  a t t e n d  by l i s t i n g  i n  th e  U n i v e r s i t y ' s  
w i d e l y  d i s t r i b u t e d  l i s t  o f  e v e n t s  open to  th e  p u b l i c .
3 . 2  Sem inars
S tu d e n t s  each  g i v e  a sem in ar  d u r in g  t h e i r  c o u r s e  and t h e s e  a r e  m ost o f t e n  
based  upon t h e i r  e x p e r ie n c e  in  i n d u s t r y .  By t h i s  means th e y  s h a r e  w ith  
ea ch  o t h e r ,  f o r m a l ly ,  th e  b e n e f i t s  o f  t h e i r  v a r i e d  b a ck g ro u n d s  and th e  
t e a c h in g  s t a f f  g a in  an i n s i g h t  i n t o  t h e s e  t o o .  Many o f  th e  s i t u a t i o n s  
d e s c r ib e d  a re  u n f a m i l i a r  to  t h e i r  f e l l o w  s t u d e n t s ,  e s p e c i a l l y  where  
i n d u s t r i e s  such as  t e a  p r o d u c t io n ,  su g a r  can e  p r o c e s s i n g  or  ru b ber  growing  
a r e  p e c u l i a r  to  c e r t a i n  l i m i t e d  r e g io n s  o f  th e  w o r ld .
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3.3 Energy Schemes
As w e l l  a s  th e  d i s t i n c t  a cad em ic  s u b j e c t s  i n  th e  c o u r s e ,  m a in ly  d e a l t  w ith  
by l e c t u r e s ,  t u t o r i a l s  and p r i v a t e  s t u d y ,  th e r e  i s  a s e r i e s  o f  c a s e  s t u d i e s  
grouped  under th e  t i t l e  Energy Schem es. S t a r t i n g  w i t h  q u i t e  s t r a ig h t f o r w a r d  
p e n c i l  and paper e x e r c i s e s  to  g i v e  c o n f i d e n c e  i n  m a n ip u la t in g  d a t a ,  th e  
s e r i e s  p r o g r e s s e s  t o  p r a c t i c a l  s i t u a t i o n s .  Some o f  t h e s e  a r e  b a s e d  upon 
work u n d er ta k en  f o r  in d u s t r y  and d e s c r ib e d  to  th e  s t u d e n t s .  V i s i t s  t o  
i n d u s t r i a l  s i t e s  a r e  in c lu d e d  s o  t h a t  r e a l  s i t u a t i o n s ,  f o r  w h ich  s u f f i c i e n t
d a ta  i s  a v a i l a b l e ,  can be a s s e s s e d .
Exhaust
to  w aste 16,65%
A ir  charge 
c o o lin g  3.8%
/ >R a d ia tion  lo s s  6.8% Blowdown
0.4% USEFUL OUTPUTS
E xhaust b o i le r  
16.15%
Engine ja c k e t  w ater 
1 1 .6%
L u b rica n t 5.4%
Fuel
100%
E l e c t r i c i t y  37.2%
Mechanical lo s s
2%
FIGURE 1- Case study visit: Sankey diagram for diesel—engined combined 
heat and power plant.
S e v e r a l  com pan ies  and one governm ent e s t a b l i s h m e n t  h a v e  made f a c i l i t i e s  
a v a i l a b l e  f o r  t h i s  ty p e  o f  v i s i t  by s u p p ly in g  in f o r m a t io n  and p r o v id in g  
s t a f f  to  a c t  a s  g u id e s  and to  answ er q u e s t i o n s .  F ig u r e  1 i l l u s t r a t e s  the 
e n er g y  f lo w s  in  one p la n t  v i s i t e d .
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4.0 PROJECTS
As i n  o t h e r  UK ta u g h t  c o u r s e s  f o r  M a ster s '  d e g r e e s ,  s t u d e n t s  a r e  r e q u ir e d  
to  p r e s e n t  a d i s s e r t a t i o n  on an i n d i v i d u a l  s t u d y .  T o p ic s  f o r  t h i s  can  
a r i s e  i n  v a r i o u s  w ays .  T r a d i t i o n a l l y  th e y  a re  s u g g e s t e d  by a ca d em ic s  
in v o lv e d  i n  th e  c o u r s e  who have s u i t a b l e  s u b j e c t s  w i t h i n  t h e i r  r e s e a r c h  
programme f o r  th e  t i m e s c a l e  a v a i l a b l e  -  th e  e q u i v a l e n t  o f  ab out t h r e e  
months f u l l - t i m e  work. Those which a re  a p p r o p r ia t e  t o  th e  theme o f  t h i s  
c o n f e r e n c e ,  how ever ,  a r e  r e l a t e d  to  i n d u s t r y  and ta k e  two main fo r m s .
4 . 1  P r o j e c t s  a r i s i n g  from s t u d e n t s '  em ploym ent.
Where a s t u d e n t  a t t e n d s  p a r t - t im e  he has a v e r y  l i m i t e d  t im e  a v a i l a b l e  
w h i le  on th e  U n i v e r s i t y  Campus to  pursue h i s  p r o j e c t .  He has to  u s e  t h i s  
to  c o n s u l t  h i s  academ ic s u p e r v i s o r  so  t h a t  th e  work i s  a lm o s t  e n t i r e l y  
con d ucted  a s  p a r t  o f  h i s  ev ery d a y  p o s i t i o n .  S e l e c t i o n  o f  a s u i t a b l e  t o p i c
d epends v e r y  much on th e  c u r r e n t  lo a d in g  o f  th e  e m p lo y e r ' s  programme b ut
t h i s  has n o t  been  d i f f i c u l t  to  a r r a n g e .  The s t u d e n t  i s  en co u ra g e d  t o  
e s t a b l i s h  th e  p r o j e c t  t i t l e  e a r l y  i n  h i s  2 - y e a r  c o u r s e  so  t h a t  h e  can  
c o l l e c t  d a t a ,  c a r r y  ou t a n a ly s e s  and d i s c u s s  f u l l y  w i t h  h i s  s u p e r v i s o r  o v e r  
a lo n g e r  p e r io d  than i f  he were f u l l  t im e  a t  th e  U n i v e r s i t y .  A lth o u g h  he 
would be engaged  on th e  ta s k  fo r  th e  b e n e f i t  o f  h i s  em p lo y er  th e  a n a l y s i s  
and a s s e s s m e n t  would be framed to  meet th e  r e q u ir e m e n ts  f o r  th e  
d i s s e r t a t i o n .
One exam ple o f  a p a r t - t i m e  s t u d e n t ' s  p r o j e c t  shows how broad th e  s c o p e  can  
be compared w ith  one c o n f in e d  to  th e  U n i v e r s i t y .  As C h ie f  E n g in e e r  o f  a 
n a t i o n a l  m o to r in g  o r g a n i s a t i o n ,  d a ta  on e v e r y  one o f  i t s  1800 r o a d s i d e  
s e r v i c e  v e h i c l e s  was a v a i l a b l e .  T h is  en a b le d  a d e t a i l e d  s tu d y  to  be made o f  
th e  f u e l  con su m p tion  o f  s t a t i s t i c a l l y  l a r g e  sa m p les  o f  i d e n t i c a l  v e h i c l e s
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u sed  i n  th e  d i f f e r i n g  c o n d i t i o n s  p r e v a i l i n g  in  th e  r e g i o n s .  F u r th e r  s t u d i e s  
w ere made on f u e l  consum ption  o f  a w ide range o f  v e h i c l e s  t e s t e d  a n n u a l ly  
u nd er  d i f f e r e n t  d r i v i n g  c o n d i t i o n s  and on en erg y  r e q u ir e m e n ts  f o r  ca r  
m a n u fa ctu re  in  th e  many c o u n t r i e s  in  Europe (E a s t  and W e s t ) ,  USA,Japan and 
SE A s ia  v i s i t e d  by th e  s tu d e n t  i n  th e  c o u r s e  o f  h i s  w ork. T h is  h as  formed  
th e  b a s i s  o f  p r e s e n t a t i o n s  to  c o n f e r e n c e s  and p u b l i c a t i o n s  (e .g .H en h a m  and 
J a c o b s o n  1983 and J a co b so n  1 9 8 1 ) .
10  '
4 _
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 r-
^ Jour ne y  t im e  
min/km
FIGURE 2. Comparison of fuel consumption in private cars
F u l l - t i m e  s t u d e n t s  second ed  from in d u s t r y  i n  th e  UK w i l l  a l s o  c a r r y  out a 
p r o j e c t  o f  s p e c i f i c  i n t e r e s t  to  th e  em p lo y er ,  u s u a l l y  b a sed  on work in  
w hich  th e  s t u d e n t  had been in v o lv e d  b e f o r e  j o i n i n g  th e  c o u r s e .  He w i l l  
n o r m a lly  r e tu r n  to  h i s  em ployer a t  v a r io u s  t im e s  d u r in g  th e  y e a r  to  
c o n t in u e  l i a i s o n  on t h i s  work. A lth ou gh  o v e r s e a s  s t u d e n t s  would h ave  th e  
U n i v e r s i t y ’ s su p p o r t  in  s i m i l a r  a r r a n g e m e n ts ,  i t  i s  in  p r a c t i c e  much l e s s  
l i k e l y  to  be p o s s i b l e  to  m a in ta in  th e  c o n t a c t .  They a r e  s t i l l  en co u ra g ed  
t o  c h o o s e  p r o j e c t s  o f  d i r e c t  r e le v a n c e  to  t h e i r  e m p l o y e r s ’ i n t e r e s t s ,  o r ,  
a t  l e a s t ,  to  t h e i r  home c o u n t r i e s ’ e n e r g y  s i t u a t i o n s .
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C o n f i d e n t i a l i t y  o f  p r o j e c t s  can  be a r r a n g e d ,  u s u a l l y  f o r  an a g r e e d  p e r io d ,  
so  t h a t  th e  d i s s e r t a t i o n  i s  not a v a i l a b l e  on open s h e l v i n g  i n  th e  l i b r a r y .  
T y p i c a l  p r o j e c t s  on t h i s  b a s i s  a r e  l i s t e d  in  T a b le  3 .
New p la n t  d e s i g n  f o r  b u i l d i n g  com plex  ( C i t y  U n i v e r s i t y )
R e d u c t io n  i n  b u i l d i n g  te m p era tu re  g r a d i e n t s  
( C o l t  I n t e r n a t i o n a l  L t d . )
A n a l y s i s  o f  en erg y  u s e  i n  A irways com plex  ( B r i t i s h  A irw a y s)  
A n a l y s i s  o f  en erg y  u s e  i n  Airw ays t r a i n i n g  c e n t r e  
(ITK E nérgen  Ltd)
Energy s a v in g  in  d i s t r i c t  h e a t i n g  s y s te m  
( Ish erw ood ,B oyd  & A tk in s o n )
R e f r i g e r a t i o n  sy s te m s  s tu d y  (D arace  L td )
E s t i m a t i o n  o f  p la n t  c a p a c i t y  f o r  b u i l d i n g  h e a t i n g  (PSA)
S e r v i c e s  d e s i g n  fo r  new b u i l d i n g  ( c o n s u l t a n c y )
Low e n e r g y  d e s i g n  f o r  o f f i c e  b lo c k  s t r u c t u r e  and s e r v i c e s  
(T uckey  Ford)
Thermal perform ance  o f  low th erm a l i n e r t i a  b u i l d i n g s  
(E a s t  S u s s e x  CC)
Therm al c h a r a c t e r i s t i c s  o f  i n t e r m i t t e n t l y - h e a t e d  b u i l d i n g s  
(London E l e c t r i c i t y  Board)
I n f l u e n c e  o f  th erm a l mass on en er g y  r e q u ir e m e n ts  
(Wimpey L a b o r a t o r i e s )
H o tw a ter  su p p ly  i n  com m ercia l b u i l d i n g s  ( B r i t i s h  G as)
P erform ance  o f  h e a t i n g  c o n t r o l s  (PSA)
L i g h t i n g  c o n t r o l  i n  group sp a ce  o f f i c e s  (PSA)
Energy u t i l i z a t i o n  a t  S lou gh  C o l le g e  ( B e r k s h i r e  CC)
E nergy r e c o v e r y  in  h o s p i t a l  a i r - c o n d i t i o n i n g  s y s te m s  
( C o n t a ir  Ltd)
Energy c o n s i d e r a t i o n s  o f  s c h o o l  b u i l d i n g s  ( E s s e x  CC)
Energy s tu d y  o f  c i v i c  c e n t r e  (London Borough o f  H i l l i n g d o n )
E nergy u s e  in  l i q u i d  s t o r a g e  t e r m in a l  (U n i ta n k  S t o r a g e  Co Ltd)  
Combined h e a t  and power f o r  f r e e z i n g  p la n t  ( B i r d s  Eye W a lls  Ltd)  
Combined h e a t  and power p la n t  a s s e s s m e n t  (PSA)
P erform ance  o f  l a r g e  c h i l l e r  p la n t  (R o y a l  Borough o f  K en s in g to n  & 
C h e ls e a )
T o t a l  en er g y  req u irem en t  o f  p r i v a t e  c a r s  (AA)
Energy s o u r c e s  fo r  P a k is t a n  ( P a k i s t a n  M i n i s t r y  o f  P e tr o le u m  and 
N a tu r a l  R e so u r c e s )
Developm ent o f  Group Energy M o n ito r in g  System  
(H a r r is o n  & C r o s f i e l d  PLC)
Energy A n a l y s i s  o f  Community Centre (CHP Energy S y stem s Ltd)
TABLE 3 .  T y p i c a l  employment—b a sed  p r o j e c t s
4 . 2  I n d u s t r i a l  p r o j e c t s  f o r  U n i v e r s i t y - b a s e d  s t u d e n t s .
O fte n  s t u d e n t s  w i th  no s p e c i f i c  a f f i l i a t i o n  w i l l  o p t  t o  u n d e r ta k e  a p r o j e c t  
in  c o n j u n c t io n  w ith  i n d u s t r y .  T hese  p r o j e c t s  w i l l  so m e t im es  be th e  r e s u l t
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o f  e n q u i r i e s  from in d u s t r y  and th e  p u b l i c  s e c t o r ,  a l s o  i te m s  form in g  p a r t  
o f  a lo n g e r - t e r m  c o n t r a c t  or  c o n s u l t a n c y  u n d er ta k en  by a c a d e m ic s .  
A d d i t i o n a l l y  c e r t a i n  l o c a l  c o n c e r n s  have  b e e n  c o n t a c t e d  t o  a r r a n g e  an 
a tta ch m en t to  s a t i s f y  a p a r t i c u l a r  i n t e r e s t  shown by a s t u d e n t .  N a t u r a l l y  
t h e s e  a r i s e  where a c o - o p e r a t i v e  r e l a t i o n s h i p  a l r e a d y  e x i s t s  b e tw e en  th e  
e x t e r n a l  o r g a n i s a t i o n  and a member o f  th e  c o u r s e  s t a f f .  Some ex a m p les  o f  
t h i s  ty p e  o f  p r o j e c t  a r e  g i v e n  i n  T a b le  4 .  As t h e r e  a r e  many m ature  
s t u d e n t s  th e  company o f t e n  o b t a i n s  c o n s i d e r a b l e  e x p e r t i s e  a t  r e l a t i v e l y  
s m a l l  c o s t .
Computer c o n t r o l  o f  b u i l d i n g  e n e r g y  s e r v i c e s  (IBM)
Energy u s e  a t  G atw ick  A ir p o r t  ( B r i t i s h  A ir p o r t s  A u t h o r i t y )
S tu dy  o f  h o t  w a te r  sy s te m  f o r  r e b u i l t  h o s p i t a l  
(SW S u rrey  H e a l th  D i s t r i c t )
E l e c t r i c  power u s e  i n  a  p r o c e s s  p la n t  (Jam es Walker & C o.L td)
D om estic  h e a t  pump w i th  s t o r a g e  (PCL)
P erform ance  o f  c o r r u g a te d  p l a t e s  a s  r o t a r y  h e a t  ex c h a n g e r  m a tr ix  
(CEGB)
C o n tro l  o f  l a r g e  i n d u s t r i a l  oven  (G a te s  E nergy P r o d u c t s )
C o n tro l  s t r a t e g y  f o r  f r o z e n  food  r e f r i g e r a t i o n  
( B ir d s  Eye W alls  L t d . )
CHP f e a s i b i l i t y  s tu d y  f o r  h o s p i t a l  (SW S u r rey  H e a l th  D i s t r i c t )  
Energy s u r v e y  o f  i n d u s t r i a l  s i t e  (R e v lo n  H e a l th  Care (UK) Ltd)
TABLE 4. Examples of industrial projects carried out by University—based 
students.
To expand one o f  th e  t o p i c s  i n  t h i s  l i s t  a s t u d e n t  u n d er to o k  a c o m p le te
su rv ey  o f  en er g y  u se  i n  a p h a r m a c e u t ic a ls  p l a n t .  A lth o u g h  i t s  e n e r g y
manager was a q u a l i f i e d  e n g i n e e r  he had a n o th e r  m ain stream  management 
p o s i t i o n  to  f u l f i l  and had not s u f f i c i e n t  t im e  to  spend on a f u l l  s u r v e y .  
Only th e  t o t a l  incom in g  en er g y  ( i n  th e  form o f  g a s  and e l e c t r i c i t y )  was 
metered and no know ledge o f  th e  u l t i m a t e  u s e  had b een  e s t a b l i s h e d .  As a 
r e s u l t  o f  th e  su r v e y  th e  major u s e s  o f  en e r g y  were l i s t e d  w ith  e s t i m a t e s  o f  
annual u se  and d iagram s produced show ing  p r o p o r t io n s  f o r  v a r io u s  p u r p o se s  
(F ig u r e  3 ) .
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FIGURE 3. Flow chart and pie charts showing energy use in a pharmaceutical 
factory.
Equipment f o r  such  a s u r v e y  i s  h e ld  by th e  U n i v e r s i t y  and i s  a v a i l a b l e  fo r  
s h o r t - t e r m  u se  on th e  s i t e s  o f  t h e s e  p r o j e c t s .  T h is  i n c l u d e s  a f l u e  g a s  
a n a l y s e r ,  a c lam p -on  ammeter, th erm om eters  f o r  v a r i o u s  s p e c i a l i s e d  
a p p l i c a t i o n s ,  a h u m id ity  m e t e r ,  an a i r  f lo w  m eter  and a c o m p u te r -r e a d a b le  
r e c o r d in g  d e v i c e .
5.0 CONTRACTS AND OONSUUANCY
5 .1  C o n tr a c ts
N a tu r a l ly  members o f  th e  a ca d em ic  s t a f f  have s p e c i a l i s a t i o n s  on w h ich  th ey  
und ertak e  r e s e a r c h  c o n t r a c t s  f o r  i n d u s t r i a l  o r g a n i s a t i o n s  as  w e l l  a s  th o s e  
a r i s i n g  from governm ent sp o n s o r e d  b o d i e s  su ch  a s  th e  S c i e n c e  and 
E n g in e e r in g  R esearch  C o u n c i l .  In most c a s e s  th e  c o n t r a c t  i s  p la c e d  w ith  
t h e  U n i v e r s i t y  w ith  a named p r i n c i p a l  i n v e s t i g a t o r  and may i n v o l v e  th e  
employment o f  a r e s e a r c h  a s s i s t a n t  and th e  u se  o f  th e  f a c i l i t i e s  o f  th e  
U n i v e r s i t y .  T h ese  c o n t r a c t s  a r e  r e l a t i v e l y  lo n g  term -  as  a r u l e  from one  
to  th r e e  y e a r s .  C o - o p e r a t iv e  schem es b e tw e en  in d u s t r y  and th e  r e s e a r c h  
c o u n c i l s  en co u ra g e  c l o s e r  l i n k s  w i th  I n d u s t r i a l  n e e d s .
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5.2 Consultancy
Other shorter term projects arise on which a much quicker solution is 
required and depending upon existing knowledge rather then newly-researched 
areas. In such cases staff will act as consultants for the time required 
visiting the industrial situation and working partly there and partly on 
their own.
An example of this is the energy conservation programme for a large 
printing and publishing organisation. Plants were visited and surveyed to 
produce energy audits. Priorities for action were drawn up as 
opportunities for energy efficient measures were identified. Thermodynamic 
analysis of plant was conducted to determine heat recovery prospects from 
various processes. Throughout contact was maintained, not only with the 
Group Director responsible for energy, but with the Energy Manager at each 
of the many plants throughout the country. Seminars were arranged to help 
these corporation employees to fulfil the requirements of their new posts.
One example to illustrate this consultancy is the analysis of a solvent 
recovery plant as a result of which insulation and heat recovery were 
recommended and installed (Figure A).
In this category also comes the Department of Energy's Survey Scheme by 
which a client can recover half the cost of a survey of his energy use. 
Recently one such survey led to the detailed examination of a very energy- 
intensive process by an MSc student with the result that errors in the 
original equipment were detected and a control strategy proposed.
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FIGURE 4. Solvent recovery plant
5.3 Research Students in industry
The University has a scheme whereby a candidate can pursue studies for a 
higher degree while continuing his regular employment. His project has to 
be of a suitable standard to enable an academic thesis to result and his 
employer has to agree to make time available for the relationship with the 
University to be maintained. Additionally there must be a supervisor within 
the organisation to share wuith the academic supervisor in controlling and 
assessing the work. Such collaborative schemes build further bridges 
between industry and the University.
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6.0 œ M MONITY LINKS
The university is well placed to provide a meeting placed to publicise the 
efficient utilization of energy in the local community.
6.1 Energy Management Group
A Guildford Energy Management Group was set up at a time when there were 
few such groups in the UK and it continues to meet regularly on the Campus 
with the Course Director as its Chairman. Members from a wide variety of 
industry, commerce, local authorities, hospitals and the energy industries 
meet and discuss matters of mutual interest and hear specialist speakers. 
During their course MSc students are encouraged to sit in on these events 
and this gives them another insight into the energy manager's role and an 
opportunity to meet others working in this area. In Industry Year *86
Energy will be featured in one of the displays for an open day to which the 
local community is invited.
6.2 Local organisations
Co-operation with local schools has included exhibitions, conferences and 
lectures on general studies courses. Talks on energy efficiency have been
given to the local Managing Directors* Club, Productivity Association and
Personnel Managers'Group.
6.3 Research Park
A recent development is the University Research Park which houses a number 
of industrial research organisations in large and small units on part of 
the Campus. Energy projects under investigation or proposals being
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considered are referred to academic staff for advice and, if pursued, more 
continuous assistance through the Surrey Network for Industrial 
Collaboration (SUNET).
7.0 EMPLOYMENT
The last link in the chain of university co-operation with the industrial 
world is that of employment of graduates. Apart from the central careers 
service operated by the University, the close relationships established by 
the various means described in this paper enable prospective employers to 
enquire directly about ther possibility of filling vacancies from the 
graduating group. The only problem here is that the number of graduates 
not already committed to an employer is far too small for the jobs 
available.
8.0 AIUMNI
An important contact with industry is through past students of the 
course. It is, after all, one method by which staff can know whether the 
course is relevant to present day requirements. To encourage this graduates 
are sent an annual newsletter about the course, staff, past and present 
students, and special events. A directory listing all past students with 
home address, telephone numbers, jobs and employers is circulated with 
this. By sending or telephoning in their updated information past students 
make personal contact with staff.
There is known to be professional contact maintained between many of the 
former students who can also meet once a year at an annual dinner at 
Guildford for past and present students and staff.
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9.0 OONCIUSION
While many university courses, especially for undergraduates where 
industrial training is an integral part, have good liaison with industry in 
this course it is seen as essential to its existance.
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Summary
The authors’ experience in organising and participating in the teaching of energy 
management courses extends over more than ten years. The courses involved have 
ranged from a full one year leading to the Master of Science degree in Energy 
Engineering to one day on a specialised topic. Courses have been held at the 
University, in house for company and public sector clients and at a centre abroad 
for industrial participants in that country.
The technical aspects of energy utilization leading to greater plant efficiency and to 
reductions in building energy demands are, of course, fundamentally important. 
Experience of situations from which many short course participants come shows, 
however, that motivation and the raising of staff awareness are key issues in the 
achievement of success. The establishment of a successful energy management 
programme depends upon the right attitude at all levels in the organisation from the 
boardroom to the shopfioor.
Methods of encouraging this attitude through the content of short courses are 
discussed. There is an emphasis in this content upon active participation by all 
those attending and upon the communication of recommendations. The latter 
includes making a case for investment on one hand and encouragement of 
operatives to employ efficient working practices on the other.
Introduction
Over the period since the early seventies interest in energy efficiency has been 
closely linked with the price of crude oil programmes which were initiated by 
Government and its encouragement of voluntary and independent action were 
designed to raise the consciousness of industry and other consumers concerning 
energy efficiency. University courses in engineering have always been concerned
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with the efficient use of energy in its various forms. In Mechanical Engineering 
courses this has been made explicit in studies in Applied Thermodynamics with its 
analysis of power plant, steam generation, air compressors, refrigeration and air 
conditioning systems. Electrical Engineering courses have included topics 
concerned with generation, distribution, motors, transformers, power factor 
correction, etc. Chemical and Process engineering courses have usually involved a 
study of fuels and combustion as well as the optimisation of processes. Since in 
this field one process can consume large amounts of energy, this component is 
always an essential consideration.
Energv Engineering as a Postgraduate Studv.
The University of Surrey offered a Master’s degree in Energy Engineering from
1978. The philosophy at that time was to cut across the traditional single discipline 
courses at undergraduate level which were often further narrowed at postgraduate 
level by taking one topic and exploring this at great depth. In place of this a 
broadening course was offered enabling entrants from all the fields of engineering 
to pursue a common interest in energy although starting from different viewpoints. 
Economic, environmental, political and human factors were considered when the 
course was established. A list of subjects covered is given in table 1 and a fuller 
description of the structure and philosophy is to be found in references 1 to 5.
This course has always been arranged in conjunction with local and national 
industry. This has been achieved through visiting lecturers from industry, course 
material provided by industry, site visits and industry-based student projects. In 
addition, since the course is also available part-time, there is continuous contact 
between all students and engineers working in industrial energy management. 
Also most full-time students have had extensive industrial experience before 
enrolling and so the sharing of these varied backgrounds between course members 
contributes to their understanding of the wide range of energy engineering 
applications.
Academic staff from four departments in the Faculty of Engineering - Chemical & 
Process, Civil, Electronic and Electrical and Mechanical - as well as from the 
Department of Economics are involved in the course. Many of these staff members 
are engaged in consultancy or contract research for industry and the public sector
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and in supervising projects arranged collaboratively with industry. The University 
of Surrey has for many years acted as the base for the Guildford Energy 
Management Group. All these contacts serve to keep the academics in touch with 
the reality of industrial energy utilization (6)
Resources and Energy Engineering
Energy Management
Economics and Management Studies
Energy Utilization I (Energy in Building and Processes,
Electrical Energy)
Energy Utilization II (Direct use of fuels)
Systems Engineering
Energy Conversion and Prime Movers
Heat Transfer
Energy Conversion and Distribution
Energy Schemes (case studies)
Seminars 
Visits 
Laboratory 
Site Investigations
Individual Project.  ______________
Table 1.Subjects of University of Surrey Postgraduate Course in Energy
Engineering.
In-Service Training of Energv Managers.
Soon after the beginning of the postgraduate course described above a demand 
appeared for the provision of short courses. The special needs of small groups of 
industrial energy managers have been met by purpose-built courses rather than by 
off-the-peg selections of more general material. The latter type is especially 
appropriate for a first taste of what energy management is about or for an isolated 
energy manager whose company would not find it possible to arrange more specific 
training. In-house courses have the great advantage of being focussed on the 
special needs of one company or of the companies in one group. Where co­
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operation between companies in one industry exists this can also be a means of 
providing a course aimed at a particular sector.
Courses take various forms according to the requirements established after 
discussion with the clients and visits to typical situations with which the participants 
have to deal. This approach avoids unnecessary coverage of irrelevant detail, for 
example the generation and distribution of steam in a company which only uses hot 
water. It is also important when considering the financial aspects of project 
appraisal to be aware of the investment criteria of the particular company or 
organisation.
Introductorv Courses
Most newly appointed energy managers have no special training or directly related 
qualification. They are expected to pick the job up as they go along, often carrying 
the responsibility in parallel with other tasks. Sometimes these are more pressing 
and involve dealing with crises as they arise so detracting from the more 
methodical, long-term application needed for energy management. Neither are all 
the holders of posts as energy managers engineers so it cannot be assumed that 
basic concepts of chemical, mechanical, thermal and electrical energy are well 
understood. It has been found that units are often a stumbling block and simple 
conversion tables are always distributed to participants in these courses and some 
explanation given. These contain only units commonly encountered in energy 
management - temperature, pressure, energy, power, etc. All-embracing 
conversion books make it difficult for the uninitiated to find the few units of 
significance to the energy manager.
What are the main issues that all energy managers want to know about ? A survey 
conducted in one part of the country by the Energy Efficiency Office (7) revealed 
that general topics of a management nature - Monitoring and Targeting, Employee 
Awareness - are most in demand. It is possible that energy managers feel that they 
can obtain detailed help on their actual type and make of plant items from 
manufacturers, energy suppliers or consultants.
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Energy Management Seminar 
In a series of seminars for a public sector organisation the approach described was 
employed. The stages in constructing and executing the course may be 
summarised as follows:-
(i) Initial draft based on client’s written request;
(ii) Discussion with representative of client organisation to elucidate 
points in (i);
(iii) Visit to site of first seminar which was also a site typical of those 
from which participants would come (including photography to 
illustrate seminar);
(iv) Discussion with permanent staff on that site about arrangements for 
seminars and suitable buildings for exercise in energy survey;
(v) Revision of draft programme for seminar in the light of (iii) and (iv);
(vi) Preparation of audio visual aids;
(vii) Conduct of seminar;
(viii) Evaluation and revision of programme for further seminars, then 
repeating items (iii) to (viii).
The programme for a typical seminar of this type would include the following 
elementsr-
(i) Introduction by Senior Official of client organisation;
(ii) Introduction of team;
(iii) Aims and objectives of organisation’s energy efficiency programme
(iv) Introduction of concept of Energy Management Group exercise, 
presentation and evaluation;
(v) Energy in Buildings - introduction to survey format, energy units;
(vi) Evaluation in groups of sample energy survey
(vii) Energy survey - slides illustrating things to look for in typical situations in 
the organisation;
(viii) Groups using techniques on buildings on host site, preparation of survey 
report;
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(ix) Presentation of reports on buildings to ’Establishment Energy Efficiency 
Committee’ comprising one member of each group;
(x) Energy committees, energy wardens, organisation - the strength of 
working together, terms of reference, management tools;
(xi) Action plan for the future (each participant completing a list of key points to 
be tackled on home site);
(xii) Sources of help and support for energy managers;
(xiii) Questions and summing up.
Conclusions
The importance of participation by all attending is recognised in the construction of 
the seminar. Each topic is broken down into sections introduced by the team, 
exercises in groups by the participants, presentation of group findings, evaluation 
of these by other participants as well as by the team and discussion of any new 
points arising. Participants completing questionnaires found the practical exercises 
enabled them to experience techniques and to acquire confidence in working 
without supervision on return to their home sites. In terms of motivating energy 
managers to take a firm grasp of the task in hand the involvement with others, 
equally new to the job, in doing these realistic exercises on a small scale and with 
help at hand is a major factor. It is, of course, necessary to give some stimulation 
before expecting an effective response in group practical work but participants must 
not be inhibited by having every eventuality covered in advance.
Participants in energy efficiency courses aimed at the energy managers level will 
return to their own sites and will try to involve other employees in the energy 
efficiency programme. To motivate others they need themselves to have 
confidence in the ideas the are promoting. The approach described encourages the 
acquisition of the attitude.
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ABSTRACT
The University offers courses in Energy Engineering and project work for 
industry is undertaken in conjunction with these. Additionally, contract and 
consultancy work is carried out for industry. A range of different industrial 
applications is considered. In most of these, overall energy audits of the 
site and of the activities of the company were conducted. By this means, the 
appropriate level of priority could be decided for each potential energy- 
saving measure.
Advantages of looking at an establishment’s operation from an independent 
viewpoint are illustrated. Examples are taken from a pharmaceuticals factory, 
a frozen food manufacturer, a large printing works, and a small computer 
imaging plant.
This review refers to the building structure and possible improvement to this, 
only where this interacts with the process. The relative merits of investing 
in different .sectors of energy conservation are considered.
KEYWORDS
Energy management; energy conservation, process efficiency.
INTRODUCTION
The MSc course in Energy Engineering at the University of Surrey (described 
elsewhere by the author, 1983) seeks to provide industrial, commercial, 
institutional and governmental bodies with graduates educated in the 
utilisation and management of energy. Opportunities are given to those 
already involved in energy management by a part-time pattern of study 
alongside the full-time course.
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There are many points of contact between these bodies and the University 
including: i.
a) secondment of employees for full-time study,
b) encouragement of employees to study part-time,
c) provision of projects for employees and for university-based students,
d) placing contracts for energy management,
e) placing contracts for research in specific areas,
f) employment of university staff as consultants,
g) presentation of case studies by visiting lecturers from industry,
h) arrangement of courses given by university staff in-house for a company or 
at local centres,
i) organisation by the university of an Energy Manager’s Group for 
the locality.
The case studies described arise from activities (c),(d) and (f).
ENERGY SURVEY
When it is suggested that a particular process needs to be investigated, it is 
always desirable that this is seen against the background of the whole 
operation on the site. The pattern of energy use, comprising diurnal demand 
variation, plant loading, mix of energy sources, ratio of jirocess:space 
hpating energy, needs to be taken into account when decisions are made in one 
area. Examination of the historic energy use and some estimates of loading 
and, hence, consumption indicate the relative importance of various items in 
the energy picture of the site. Potential savings from the proposed change in 
process, plant or mode of operation can then be evaluated and compared with 
the capital outlay. Simple payback or, for more expensive changes, discounted 
cash flow calculations can be used to demonstrate the potential advantage.
CASE STUDIES 
Pharmaceutical Works
The object of this project, described by Beacon, 1983, was to quantify, as 
completely as possible the use of energy in a small pharmaceuticals works, the 
total of which was about 12.7 TJ/year, 23% as electricity and the rest as 
gas. Diagrams in fig. 1 show estimated end uses as proportions of each 
source. In primary energy and cost terms, however, the use of each source is 
similar.
The diagram clearly shows that building services, comprising space heating, 
hot water, lighting, electrical space cooling and most of the absorption 
unit’s load, account for about 80% (including its proportion of losses). The 
production processes are numerous and each is fairly small, showing that these 
are not the first points to begin an energy saving programme. A 
characteristic of all the premises was a uniform level of lighting 
irrespective of occupation by employees or the presence of outside light from 
windows. Similarly large unoccupied areas were heated in winter and cooled in 
summer.
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Fig. 1. Annual energy proportions by end use 
Frozen Food Manufacturer
Additional activity was envisaged in a frozen food plant in which cooking and 
freezing processes take place in close proximity. Existing provision of 
heating was by low pressure (7 bar) boilers and of refrigeration by 360kW 
electric motor driven compressors. Investigation by Palmer, 1980, of the 
total energy requirements shows that the existing arrangement used 14% more 
* energy than the proposed combined heat and power arrangement. This has a 
higher pressure (35 bar) boiler to supply a steam turbine, the exhaust steam 
from which (at 7 bar) is used in the cooking process.
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Fig. 2. Comparison of Schemes
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There are two major advantages over many traditional CHP applications. The 
loads of process heat and refrigeration are directly proportional to each 
other and there is no intermediate loss in alternator and motor. The system 
is also compatible with the existing boilers which may be linked into the same 
7 bar steam line as the turbine exhaust. Flexibility results from this and 
from the ability of the turbine to run at 3600 rev/min compared with the 3000 
rev/min maximum of the electric motor. Fig. 2 shows the energy flow for both 
types of plant.
Discounted cash flow calculations at the time (1980) showed this scheme to 
offer advantages over the existing method and other possible CHP patterns.
The payback, compared with installing another plant of the existing type, was
2.1 years.
Large Colour Printing Works
In the rotogravure process large volume flowrates of air are drawn over the 
heated drums round which the paper passes between successive colours. This 
air contains solvent which is removed for recycling and to minimise pollution 
of the atmosphere. Examination of the process during a complete audit of the 
works demonstrated that the recovery ,plant should be a major source of 
savings. Solvent is absorbed as the air passes through towers containing 
activated carbon. Each tower is taken off stream in turn and steam is passed 
through it. The resulting vapour mixture is condensed to recover the solvent 
and the separated impure water is discharged to waste. There were clearly 
opportunities here for heat recovery since the amount of condensate produced 
is proportional to the boiler make up water requirement. The most 
straightforward arrangement appeared to be an indirect heating of the boiler 
feed water by the condensing solvent and steam (fig. 3). For each kg of 
solvent recovered 3.5 kg steam is used so the energy available during 
condensing is over 8 MJ/kg solvent.
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A fuel saving of over £90,000 each year gives a payback for the scheme of 
about 2 years. Additional scope for savings would result from the regulation 
of extraction air flow to match pressroom activity. This would also reduce 
heating and cooling of the replacement air fed to the room for the comfort and 
health of employees.
Small Computer Imaging Plant
2
A small building, floor area 380m , previously used as an office, was 
converted into a plant using computer Imaging to produce originals for 
printing. A study of the building envelope (McEwan,1982) was a pre-requisite 
here as there was an opportunity for upgrading this. Fabric loss during 
heating or gain during cooling was reduced to 18% of the original value. This 
enabled the initial and running costs of the new cooling and heating plant to 
be considerably reduced. Energy gains from equipment were expected to exceed 
energy loss at any winter condition so heating was for preheating mainly after 
weekends or holidays. Heat recovery from air conditioning was not recommended 
by the author in this case as there was no nearby building able to use the 
recovered energy, the only use for which was heating water for processing 
film. Independent means would be required for rapid start up and reliability 
so only running costs would be saved. The payback appeared too large for 
commercial justification compared with other measures.
This project is an example of the necessity to examine each site carefully, 
making a personal visit wherever possible. Installation of a similar process 
was in progress elsewhere in the same group at the same time. Quite different 
considerations applied there since that was on the ground floor of a two- 
storey building, the upper floor of which was an ordinary office. There was, 
therefore, an excellent and nearby use for energy recovered from cooling 
system condensers during the winter period. There still needed to be external 
dumping of energy in summer, of course, but the close location of the source 
of heating and demand for it changes the economics recovery entirely.
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The University of Surrey has for m any years offered a postgraduate course for the 
Master of Science in Energy Engineering. This inter-disciplinary course is closely based on 
the requirements o f industrial and commercial concerns and the public sector. Through this 
has developed a com plex pattern of links with industry, especially in the field o f energy 
management.
University staff undertake consultancy work, feasibility studies, energy surveys and the 
organisation of specialised in-house courses. The University acts as a focal point for meetings 
o f local energy managers. Postgraduate students tackle projects in their own company where 
appropriate or in a location arranged through the network of contacts arising from the other 
activities listed. The University-Industry relationship often provides a fresh approach which is 
valued as an independent contribution to the solution of energy problems.
1. IN T R O D U C T IO N
The University o f Surrey’s involvem ent in energy m anagement in industry, comm erce 
and the public sector is based on its postgraduate course in Energy Engineering. Subtitled the 
Optimisation, Utilization and M anagement o f Energy, this course has been offered since 
1978 and has been fully described in the literature. (Henham, 1979 and Henham  198b).
1.1. E n ergy E n g in eer in g  C ourse
The course is available on full-time (12 months) or part-time (24 months) patterns to 
make it available to a wider range o f potential students. The part-time is undertaken by those 
holding various positions in industry, com m erce and the public sector. The full-time course 
generally comprises an international group having considerably varied backgrounds and 
Wide-ranging experience. Many overseas students are from governm ent agencies, research 
centres and higher education. So far m embers registered on the course have com e from 23 
countries in Europe, Asia, Africa, Central and Southern America. The variation in discipline 
o f first qualification —chemical, civil, electrical, m echanical and building services engineering 
are typical— is thus com bined with practical experience in industry, com m erce, local and 
national government, energy suppliers, research and educational establishments. The result is 
a very lively, interactive group in which m embers share their specific talents with each other. 
There is no part of the syllabus which is new to eneryone on a course, neither does anyone 
find all o f it familiar. The course is offered by thhe Faculty o f Engineering, comprising five 
departments, with the co-operation of the Department of Economics.
1.2. C on n ection s b e tw e e n  C ourse an d  Industry
Involvem ent with employers o f energy-related staff is inherent in the parttime pattern 
where project work is undertaken by the student in his own everyday situation. There is
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always an unsatisfied dem and for the graduates for whose placing com panies and university 
also maintain close contact. Som e em ployers are also involved with the university in the 
placing o f undergraduates for the industrial year which forms part o f Surrey Engineering 
courses.
Table I. Part-time Students - Posts held in em ploym ent
C hief Engineer, National M otoring Organisation.
Refrigeration Engineer, Frozen Food Processing Com pany.
Lecturers, Polytechnics and Technical Colleges.
Research Engineers, British Gas.
Technical Consultancy Service Engineer, British Gas.
Planning Engineer, British Gas.
Sales Engineer, British Gas.
Building Services Engineer, Univesity.
Technical Director, Heating & Equipm ent Manufacturer.
M anagong Director, Heating & Ventilating Consultancy.
Energy Conservation Engineers, Borough and Country Councils.
G roup Energy Co-ordinator, G roup of Tim ber Com panies.
London Representative, Overseas Electricity Authority.
Building M anagement Engineer, Food Retailing Com pany.
Engineer OfRcer, Royal Navy.
Regional Engineer, G overnm ent Department.
Regional Energy Conservation Officer, G overnm ent Departm ent.
Hospital Engineer, Area Health Authority.
Engineer, Regional Electricity Board.
Partners, Building Services Consultancies.
Engineer, Contract Energy M anagem ent Com pany.
Engineers, Energy Consultancies.
Table II. Full-time students - Overseas organisations from which students have been relea­
sed to attend the course
Brazilian Ministry of Education (Pontifical University of Rio de Janeiro).
Cyprus H igher Technical Institute.
Industria de Azulejos (Brazilian Ceramics Company).
Iraqi State Organisation for Oil Projects.
Malaysian Ministry of Education (Universiti Teknologi Malaysia).
Anglo African Industries (Malawi).
National Electric Power Authority of Nigeria.
Pakistan Ministry of Petroleum and Natural Resources.
Sudan Ministry of Irrigation and H ydro Electric Power,
Directorate of Energy Conversion and Conservation, Indonesia Sriwijaya University, Indonesia.
MEI Project Engineering (Singapore Building Services Company).
Institute of Hydroresources and Electrification, Panama.
Various universities of People’s Republic of C hina (through Commission of European Communities). 
Ceylon Petroleum Com pany (Sri I^nka).
HM T Consort (HK) Ltd (Hong Kong Building Services Company).
Soares de Almeida & Ca (Portuguese Building Services Company).
Khon Kaen University, Thailand.
M inistry of Mines and Power, Cameroon.
Bureau of Energy Utilisation, Phillipines.
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Tables I and II show respectively the em ploym ent form which hom e part-time and 
overseas full-time students have com e. Som e UK  full-time students com e straight from 
studies for first degrees at Universities and Polytechnics (and which usually involve industrial 
experience, in addition) while most have been working in a professional capacity for som e  
years. Separate governm ent grants apply to those who are young, recent graduates and to 
those with many years in industry who are seeking a new field into which their career may 
develop. In other cases government departments or educational establishments have secon­
ded members of staff for a year to follow the course full time.
Further links with industry are maintained through the course content itself. Speciali­
sed applications are often covered by visiting lecturers from industry providing up-to-date 
experience of rapidly-m oving technology. Visits are held to establishments where new  
energy utilization m ethods have been initiated. These have included hotels, hospitals and 
military establishments where com bined heat and power plant are em ployed; a swim m ing  
pool com plex using heat pump dehumidification; a research centre with large scale refrigera­
tion plant; manufacturers o f seals and packings and of pharmaceuticals as well as traditional 
power stations and an oil refinery.
2. TH E U N IV E R SITY  IN  EN ER G Y M A N A G EM EN T
With the background explained above it is apparent that the University has expertise 
in the areas required for effective energy management in industry, com m erce and the public 
sector. Som e reasons why industry may involve the university and its staff are outlined 
below.
a) Expertise is available to establishments with no suitably trained em ployees.
b) Expertise is available to supplement that o f em ployees to tackle a task for which  
the latter would not have time in addition to their regular duties.
c) Advice is required which is impartial and free of:
(i) External commercial pressures (e.g. from the supplier o f one form o f energy or of 
one type o f equipment);
L. (ii) Existing practice in the particular industry or site;
(iii) Connection with one section of a com pany or one com pany in a group where 
the performance o f sections or m em ber companies will be compared.
d) A wide range o f back-up ability is available in specialist areas through the 
constituent departments o f the university.
e) Facilities are available for metering, computing etc.
f) The possibility exists of further study o f particular processes or possible future 
solutions based on an analytical or experimental research programme.
g) W here a general programme of energy efficiency is to be initiated by an organisa­
tion, this can be supported by tailor-made courses for em ployee awareness training and 
motivation.
h) In the UK  for certain governm ent grants towards projects an independent organi­
sation must be em ployed to carry out a survey or feasibility study.
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There are various m ethods by which members o f the University interact with industry 
and other external organisations to achieve improvements in energy efficiency. Examples o f  
these will be described later.
2.1. S tudent projects
As in other UK taught courses for Masters’ degrees, Surrey Energy Engineering 
students are required to present a dissertation on an individual study. Topics for this can 
arise in various ways.
Traditionally they are suggested by academics involved in the course who have 
suitable subjects within their research programme for the timescale available —the equivalent 
of about three months full-time work. Those which are appropriate to the teme of this paper, 
however, are related to industry and take two main forms.
2.1.1. Projects arising from students’ employment
W here a student attends part-time he has a very limited time available while on the 
University Campus to pursue his project. H e has to use this to consult his academ ic 
supervisor so that the work is almost entirely conducted as part of his everyday position. 
Selection of a suitable topic depends very much on the current loading of the em ployer’s 
programme but this has not been too difficult to arrange in practice. The student is encoura­
ged to establish the project title early in his 2-year course so that he can collect data, carry 
out analyses and discuss fully with his supervisor over a longer period than if he were full 
time at the University. Although he would be engaged on the benefit of his em ployer the 
analysis, presentation and assessm ent would be framed to m eet the requirements for the 
dissertation.
Full-time students seconded from industry in the UK  will also carry out a project of 
specific interest to the employer, usually based on work in which the students had been  
involved before joining the course. They will normally return to their employers at various 
times during the year to continue liaison on this work. Although overseas would have the 
University’s support in similar arrangements, it is in practice much less frequently possible to 
maintain the contact. They are still encouraged to choose projects of direct relevance to their 
em ployers’ interests o f or, at least, to their hom e countries’ energy situations.
Confidentiality of projects can be arranged, usually for an agreed period, so that the 
dissertation is not available on open shelving in the library. Typical projects on this basis are 
listed in Table III.
2.1.2. Industrial projects for Univesity-based students
Often students with no specific affiliation will opt to undertake a project in conjunc­
tion with industry. These projects will som etim es be the result of enquiries from industry 
and the public sector while others are items forming part of a longer-term contract or 
consultancy undertaken by academics. Additionally certain local concerns have been contac­
ted to arrange an attachment to satisfy a particular interest shown by a student. Naturally 
these arise where a co-operative relationship already exists between the external organisation 
and a m em ber o f the course staff. Som e exam ples o f this type o f project are given in Table  
IV. As there are m any mature students the com pany often obtains considerable expertise at 
relatively small cost.
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Table III. Typical employment-based projects
New plant design for building com plex (City University).
Reduction in building tem perature gradients (Colt International Ltd.).
Analysis of energy use in Airways com plex (British Airways).
Analysis of energy use in Airways training centre (ITK Energen Ltd).
Energy saving in district heating system (Isherwood, Boy & Atkinson).
Refrigeration systems study (Darace Ltd).
Estimation of plant capacity for building heating (PSA).
Services design for new building (consultancy).
Ix)w energy design for ofiice block structure and services (Tuckey Ford).
Therm al perform ance of low therm al inertia buildings (East Sussex CC).
Therm al characteristics of interm ittently-heated buildings (London Electricity Board).
Influence of therm al mass on energy requirem ents (Wimpey Laboratories).
Hotwater supply in com mercial buildings (British Gas).
Performance of heating controls (PSA).
Lighting control in group space offices (PSA).
Energy utilization at Slough College (Berkshire CC).
Energy recovery in hospital air-conditioning systems (Contair Ltd).
Energy considerations of school buildings (Essex CC).
Energy study of civic centre (London Borough of Hillingdon).
Energy use in liquid storage term inal (Unitank Storage Co Ltd).
Com bined heat and power for freezing plant (Birds Eye Walls Ltd).
Com bined heat and power plant assessment (PSA).
Performance of large chiller plant (Royal Borough of Kensington & Chelsea).
Total energy requirem ent of private cars (AA).
Energy sources for Pakistan (Pakistan Ministry of Petroleum and Natural Reesources).
D evelopm ent of G roup Energy M onitoring y System (Harrison & Crosfield PLC).
Energy Analysis o f Com m unity C entre (CHP Energy Systems Ltd).
Electrical Generation Planing M ethods (Institute de Recursos Hidraulicos y Electrificaciôn, Panama). 
Swimming Pool Energy Saving (Emstar Ltd).
Condensing boilers (British Gas).
Table IV. Exam ples o f industrial projects carried out by University-based students.
C om puter control of building energy services (IBM).
Energy use at Gatwich A irport (British Airports Authority).
Study of hot water system for rebuilt hospital (SW Surrey Health District).
Electric power use in a process plant (James W alker & Co Ltd).
Domestic heat pum p with storage (PCL).
Performance of corrugated plates as rotary heat exchanger matrix (CEGB).
Control of large industrial oven (Gates Energy Products).
Control strategy for frozen food refrigeration (Birds Eye Walls Ltd.).
CH P feasibility study for hospital (SW Surrey Health District).
Energy survey of industrial site (Revlon Health Care (UK) Ltd).
Energy survey of hospital (Atkins Planning).
2.2. C onsu ltancy
Consultancy work is normally arranged in one of two ways:
a) An individual m em ber o f staff acts as a consultant to a com pany or organisation 
mainly working on site and carrying out studies, analyses, etc. as an independent expert.
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b) A contract is placed with the University, naming one or more individual m em ­
bers o f staff as principal investigators but enabling the project to involve other staff and all 
the facilities o f the Univesity.
Generally smaller projects only requiring a small proportion of the time of a member 
of staff are more easily dealt with by the first approach. Uinger term and more time- 
consum ing projects are usually arranged by the second method. As this involves more 
formality it takes longer to set up.
2.3. Energy surveys
The first stage in considering improvements in energy utilization in any building, 
service, process or com plete plant is an energy survey. This takes account of the historic use 
of all forms of energy and seeks to determ ine the distribution of this energy within the site so 
that the major items of consum ption can be identified. Following this the opportunities for 
improving energy efficiency and reducing energy used per unit o f production (or other 
appropriate measure according to function) can be investigated. The resulting report lists, in 
order o f priority, measures which the client is recom m ended to undertake. H alf the cost of 
the first such survey done on a site is m et in the UK by the Government Department of  
Energy. W here further investigation is required application can be made for a similar 
contribution to a much larger and more detailed survey.
2.4. Feasibility studies
W here a new process or plant is envisaged in order to use energy more efficiently a 
thermodynamic and econom ic analysis is often required in advance. The University is well 
placed to conduct this type o f study on an impartial basis. M ost companies do not have the 
need to em ploy full-time staff capable o f this level o f analysis.
2.5. Contract research
A wide range of facilities, including workshops, laboratories, computing and instru­
mentation are available within a university. In conjunction with the expertise of academ ic  
staff and the ability to appoint short-term contract research assistants this enables contracts to 
be undertaken on various timescales usually up to three years maximum. As for som e types 
o f consultancy, contracts are placed by industry with the university with named permanent 
staff as principal investigators.
2 .6. Short courses
There are many short courses offered in the general area of energy m anagement and 
in certain specialised areas. Som e of these are provided annually or, in different regions, on a 
travelling basis.
Surrey Energy Engineering staff, being involved with a full-time course, are readily 
able to organise special courses for groups o f people involved in various aspects o f energy  
management. These courses, which may take place on the client’s premises or at the 
University, are individually tailored to m eet the needs o f participants. N o two courses are the 
same as the levels o f knowledge, experience and qualifications o f the participants and the 
demands o f their working situations will differ considerably.
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2.7. Focal point
The University of Surrey places emphasis in its Charter on the establishment and 
maintenance o f links with the comm unity, especially with the industrial concerns in its 
Country and in neighbouring districts. O ne means by which this is done is by acting as a 
base for meetings o f those involved in the business community in the M anaging Directors’ 
Club.
The Energy Engineering group hosts the Guildford Energy M anagement Group 
comprising representatives of com panies, local government, hospitals, etc. The Group’s 
expenses are met by the G overnm ent Department of Energy but all the work is done  
voluntarily. The University provides a neutral and central m eeting place and one to which  
the members can easily com e for talks, discussions and demonstrations of equipment. Proper 
facilities are available for all these activities. Incidentally these meetings provide a helpful 
opportunity for full-time students to m eet practicing energy managers as well as finding out 
more about technical aspects relevant to theeir course.
3. E xam p les o f  co -op eration
Many of the forms of co-operation described above overlap in that som e com panies 
have been involved in a number o f ways with the Univesity. For exam ple, projects have  
been undertaken by university-based (as opposed to sponsored) students on the premises o f  
members o f the Energy M anagement Group while short courses have been arranged for the 
energy managers o f a group for which an energy efficiency contract has also been undertaken.
3.1. S tudent projects
From the lists in Tables III and IV  only one or two can be picked out as illlustration.
O ne part-time student’s project shows how  broad the scope can be compared with 
one confined to the University. As C hief Engineer o f a national motoring organisation, data 
on every one o f its 1800 roadside service, vehicles were available to him. This enabled a 
detailed study to be made o f the fuel consumption of statistically large samples of identical 
vehicles used in the differing conditions preevailing in the regions for which typical Iresults 
are shown in Table V . Further studies were m ade on fuel consumption of a wide range o f  
vehicles tested annually under different driving conditions and on energy requirements for 
car manufacture in the many countries in Europe (East and West), USA, Japan and SE Asia  
visited by the student in the course o f his work. More detailed description o f this work can 
be found in presentations to conferences and publications (e. g. Henham  and Jacobson 1983 
and Jacobson 1981).
Table V. Fleet regional fuel consumption programme
Region
Hourly distance
Road type
Fuel consum ption /1/100 km
km actual predicted
Northampton KO-88 Motorway 10:8 10.8
West ana Wales 2(i-27 Cross-country 10..5 10..5
Cambridge 77-88 Trunk, flat 10.7 10.8
Scotland and North Ireland 2(i-3() Mostly cross-country 10.9 10.8
North 21-32 Trunk, urban 12.8 12.9
Midlands 21-29 U rban, motorway 14.1 14.2
South East 21-34 Cross-country, urban 12.5 12.6
Greater London 19-29 Urban, suburban 14.9 1.5.3
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A part time student in the public sector was responsible for energy management in a 
recently built civic centre (Figure 1). H e exam ined the ways in which energy was supplied to 
the building, and used within i t  This included both energy unit and cost analyses, breaking 
them down into com ponents (Fig. 2) (e.g. standing charge, maximum demand charge and 
unit charge for electricity). The specification and operation of all items of structure and plant 
were examined and a thorough investigation o f possible improvements made. In som e cases 
the original design criteria were found to be valid at the time but not 8 years later when the 
ratio of energy cost to capital cost had increased considerably.
Potential major improvements identified included:
a) Specific insulation upgrading o f the roof and of the exposed first floor slab.
b) Revised operation o f the ventilation system to allow more recirculation for cold  
and free cooling for warm am bient temperatures.
c) Step control o f hot water system.
d) Revised operating pattern for chiller plant.
e) Lighting control to allow for am bient levels and occupancy patterns.
Figure 1. Fourth floor plan o f civic centre.
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Figure 2. Maximum demand over 24 h for civic centre.
3.2. C onsultancy
The University has various means of m aintaining contact with local industry. Through 
these, enquiries are routed to the m em ber of staff most likely to be able to advise on the 
problem  raised. An additional source of such enquiries is the recently established Research 
Park on the Campus. Companies having their own research staff and facilities in this park 
will, nevertheless, occasionally need specialised assistance. The proximity of the academ ic 
departm ents encourages them to use this as a first resort when needing help. There is also a 
building in which joint venture facilities are a  available to innovators and proposals for this 
m ethod are referred to staff for an opinion and report on viability.
Projects under this heading are often at an early stage commercially and most are the 
subject of confidentiality agreements. Subjects dealt with have included small-scale com bined 
heat and power, a gas generator for automotive power and a variable valve timing system for 
internal-combustion engines.
3.3. E nergy  surveys
An example of this type of work in which one of the postgraduate energy engineering 
students took part was a complete survey of energy use in a pharmaceuticals plant. Although 
its energy manager was a qualified engineer he had another mainstream m anagem ent 
position to fulfil and had not sufficient time to spend on a full survey. O nly the total 
incoming energy (in the form of gas and electricity) was m etered and no knowledge of the 
ultimate use had been established. As a result of the survey the major uses of energy were 
listed with estimates of annual use and diagrams produced showing proportions for various 
purposes (Fig. 3). This produced some results quite unexpected by the staff of the com pany. 
It can be seen, for example that more electricity is used in lighting than directly for
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production. This was less surprising to the independent visitor who noticed that on bright 
sunny days in a sparsely-populated workspace every lamp of a very generous lighting 
provision was on. Equipm ent for such a survey is held by the University and is available for 
short-term use on the sites of these surveys. This includes a flue gas analyser, a clam p-on 
am m eter, therm om eters for various specialised applications, a humidity meter, an air flow 
m eter and a com puter-readable recording device which can be left in place over a period of 
hours or days.
E nergy y m eter ing ) p lace  used ) medium \  final u se
form
1 L _ .  ( f
E lec tr ic i ty principal
m eter
R o ta t in g  — 
m /cs
(mainly ac
induction
motors)
p roduction  m /cs  
o th er  m achines  
air handling  
transport  
L_ 'd irect  u se ' -p -  lighting
— hot w a te r
— sp a ce  c o o l in g
— production  m /cs
— o f f i c e  eq u ip ­
ment and 
oth ers
All other plant 7.9%
A b s o r p t i o n  Unit  7.1%
L i g h t i n g  27.5
B o i l e r  p l an t  4 .9 %
P r o d u c t i o n  24.6 %
Air h a n dl in g  13.2%
S p a c e  c o o l i n g  14.6%
Figure 3. Sample of analysis of end uses of each energy form - pharmaceutical plant.
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Armed with the report of such an independent survey, a com pany’s engineer can 
more easily obtain finance for capital work needed to reduce his annual energy requirem ent. 
Similar work has been done in various industries and, in each case, the first requirem ent is to 
discover the essentials of the particular processes and working practices of that particular site. 
A typical survey identified means of saving 10% of the energy bill with an average payback 
on capital spent of 8 months.
As well as process industries surveys have included public buildings such as boarding 
schools, colleges, hospitals, airports and a civic centre.
3.4. F easib ility  stud ies a n d  re sea rch
Sometimes the need will arise from a general survey, on other occasions indepen­
dently, for a more detailed analysis of a process to be attempted.
T o a t m o s p h e r eE x h a u s t  f a n s
N ew h e a t  
e x c h a n g e rP r e s s  room  
e x t r a c t i o n
B e d  2 / C o o l i n gt o w e r
I n s u l a t i o n  a d d e d  
t o  b e d  t o w e r s
S t e a m  p u r g e
B e d  d r y i n g  f a n s
C o n d e n s e r
S o l v e n t  
t o  s t o r a g e D i s t i l l a t e
S e p a r a t i o n  t a n k
W a t e r  t o
w a s t e  o r  
t r e a t m c n t ~ ■ P i p e  r e m o v e d  
 New p i p e
Figure 4. Thermodynamic analysis - solvent recovery plant.
This may be where:
a) O ne process uses a large proportion of the energy involved in a product.
b) A plant is identified in a survey as being inefficient.
c) Alternative methods are available and future investment in plant is anticipated.
d) Energy use is higher than in similar processes in the same or other factories.
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An exam ple of this comes from the energy conservation program for a large printing 
and publishing organisation. Plants were visited and surveyed to produce energy audits. 
Priorities for action were draw n up as opportunities for energy efficient measures were 
identified. Therm odynam ic analysis of plant was conducted to determ ine heat recovery 
prospects from various processes. Throughout contac was maintained, not only with the 
Group Director responsible for energy, but with the Energy M anager at each of the many 
plants throunghout the country.
A solvent recovery plant uses a highest proportion of steam generated on the site for 
any single operation. A therm odynam ic analysis of this was undertaken and insulation of 
high tem perature outdoor towers and energy recovery from condensing steam introduced. 
These changes are illustrated in Fig. 4.
O ther exam ples have included an on-site study of a large electric drying oven during 
which wasteful operating practices were identified and a new control strategy suggested. 
Research into the operation of energy-saving devices for induction motors has been carried 
out in the University (Marshall and Johns 198,')).
3.5. S h o rt courses
The national printing and publishing organisation m entioned in 3.4 com prises a large 
num ber of individual works ranging from large printers of weekly colour magazines through 
high quality printing of glossy m onthly and annual publications to the printing and binding 
of scientific books.
Energy managers were appointed in all these varied establishments as one phase in 
the overall efficiency drive. A special course was held at the com pany’s headquarters 
enabling them to have specific training in their job  in their industry. Incidentally many of 
them had already solved the problem s currently experienced by others and m erely bringing 
them together was extremely useful. New confidence was certainly acquired by those who 
were new to the task.
A course, which had to be less specialised, was organised in Portugal covering a 
num ber of different industrial organisations. Mutual participation of all those attending was 
again an im portant feature.
More recently seminars have been held in different locations for officers, senior 
ratings and civilian staff responsible for shore stations of the Royal Navy. This was part of an 
overall energy efficiency drive organised in this case by the Ministry of Defence. In leading 
these courses special attention was given to the features com mon to most naval etablish 
ments. Participants were encouraged not only by showing them how to tackle their own 
‘good housekeeping’ surveys but by letting them try the techniques out in small groups each 
allocated a building in the host establishment.
Despite the disciplines of service life not normally available in industry, the m otiva­
tion of everyone using energy to achieve savings was still an im portant feature of these 
courses as in others conducted by the University.
1 C O N C L U SIO N
There are many ways in which the industrial com munity (in the widest sense) can 
benefit from links with a University.
2(i()
O ver the past ten years many of these have been explored specifically in the field of 
energy engineering by the University of Surrey. The contacts m ade are of mutual benefit to 
industry and to the University in keeping its courses relevant to current needs. Postgraduate 
students, already with experience of industry, are able to take part in this two way exchange.
Technology transfer is a fashionable expression but it has been clearly dem onstrated 
as feasible by this paper.
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Session IV
Utilization of hospital waste; a feasibility study 
A W E  H enham  an d  R  A Johns*
A feasib ility  study into the u tilization o f  energy from from the 
inc inera tion  o f  hosp ita l w aste is described . The p lan t on 
w hich the  study is based  takes w aste  from  the hospita l at 
w hich it is situated  and o ther nearby sources. The energy 
obtained from  incineration  is used to generate steam  for the 
hosp ita l supply . The problem  investigated  arises from  the 
o v e rsu p p ly  o f  s team  w hen th e re  is no  sp ace  h e a tin g  
requ irem en t. T he analysis o f  h is to ric  da ta  fo r a year's  
operation  o f  the p lan t is used in conjunction w ith an on-site 
tr ia l to  enab le  a therm odynam ic and econom ic analysis o f 
po ten tia l so lu tions to  be undertaken.
IN T R O D U C TIO N
C linical w aste from  hospitals and com m unity health  establishm ents in the East Surrey 
D istrict, together w ith som e dom estic w aste, is disposed o f by incineration at the East 
Surrey Hospital. The quantity burnt each week varies from 4 to 10 tonnes. The waste
has a high w ater con ten t and is consequently  slow  burning. The inc inera to r is 
operated for 12 hours each weekday and for a h a lf  day on Saturdays. At the end of 
each day the rem aining charge bum s down for about four hours. The ash is removed
at the beginning o f  the next w orking day.
The heat generated from incineration is recovered in a waste heat boiler. Steam is 
generated at about 7 bar, with the waste heat boiler set as the lead boiler. The steam is 
used in s te rilise rs , k itchens, hum idifiers and hot w ater c a lo rifiers st the hosp ita l. 
During the sum m er m onths the demand for steam is not sufficient to recover all o f the 
energy available from  the incinerator system. Excess heat is "dumped" to atm osphere 
through the chim ney and clinical w aste which cannot then be burned is taken away 
for incineration by a contractor. This is necessary as there is a lim it to the rate at 
w hich burn ing  can be undertaken  w hen the flue  gas en ters  the chim ney w ithout 
passing through the bo iler as it is too hot to pass through the induced draught fan.
This study was com m issioned to exam ine the feasibility o f  using the steam generated in 
a b o ile r supp lied  w ith  ho t com bustion  gases by a w aste  in c in e ra to r fo r pow er 
generation in order to give year round u tilization  o f  the energy reclaim ed.
M e t h o d s
To achieve this aim the program m e was:
(a) to determ ine the historic data in terms of the supply o f waste, its quantity and
quality, and o f the total steam and electricity use in the hospital;
(b) to estim ate by experim ent, using the plant, the average calorific value o f the 
w aste ; ’
* D epartm ent o f M echanical Engineering, U niversity  o f  Surrey.
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(c) to investigate by experim ent the conversion o f w aste to energy in the furnace, 
com bustion efficiency, flue gas analysis and flow rate;
(d) to investigate by experim ent the production o f  steam , the heat transfer to the 
su rroundings, the bo ile r efficiency  and, subsequently , the  w hole p lan t efficiency;
(e) to study potential pow er plant options, cycles and com ponents required and to 
analyse the resu lting  system  efficiency;
(f) to carry out an econom ic appraisal o f  these plants;
(g) to  consider alternative uses for the steam  raised;
(h) to m ake recom m endations for fu ture actions.
EXISTING PLANT 
In c in e r a t io n  p la n t
The w aste in the p lan t investigated  is burnt in a C onsum ât inc inera to r m anufactured 
by R obert Jenkins System s L td, Rotherham . The incinerator, shown schem atically in 
Figure 1 com prises a refractory  lined m ain com bustion cham ber into which the waste 
is introduced by an autom atic hydraulic loader. The air supplied to the main cham ber 
is re s tric ted  to about 70% o f  tha t requ ired  fo r s to ich iom etric  cond itions and so 
com bustion is incom plete. The products o f  com bustion leaving the m ain cham ber 
contain a high proportion o f  partially  burnt and unbum t com ponents such as carbon 
m onoxide, hydrogen and carbon particles. These pass into the upper cham ber where 
excess air is supplied by a separate fan to com plete com bustion. The w aste decomposes 
in the  m ain cham ber u n d er qu iescen t con d itio n s and ca rry -o v e r o f  p a rticu la tes , 
which would eventually be em itted fom the chim ney, is m inim ised.
Fans
Upper chamber
^ Flue gases to waste 
heot boilerGas burner
Waste loadedMain combustion chamberAsh door
Gas burners
F ig u re  1 S c h e m a tic  d ia g ra m  o f  I n c in e r a to r
B oth m ain and upper cham bers are fitted  w ith gas-fired  burners. W ith norm al 
w astes th e  reac tio n  in the  m ain  ch am b er is au to th e rm ic  once  the  o p e ra tin g  
tem pera tu re  has been achieved and the m ain cham ber burners are then  tu rned  o ff 
au tom atica lly . W ith c lin ica l w astes, how ever, w hich are su b stan tia lly  w et, the 
burners rem ain on throughout. The burner in the upper cham ber rem ains on w hilst 
the incinerator is in operation to m aintain the gas tem perature above 800 ®C to ensure 
com plete com bustion. Tem perature contro llers are fitted  to ensure stab le conditions 
in both cham bers and to m inim ise gas consum ption. In the event o f  a sudden rise in 
tem pera tu re  in  the  m ain cham ber the tem pera tu re  co n tro lle r  ac tiva tes a w aterspray
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to  reduce  the tem pera tu re  and to p ro tec t the  cham ber lin ing . T he flue gas 
tem perature can be reduced at d ischarge by the addition  o f  secondary excess a ir to 
protect the m ild steel flues especially  when gases are dum ped directly  to the external 
flue. W ater sp rays are also fitted  in to  the  d ischarge  ducting  to  reduce gas 
tem peratures fu rther w hen excessively  high at entry  to  the duct. F lue gases then 
exhaust through m ild steel ducting  e ither to a w aste heat bo ile r in the p lan t room 
above the incinerator o r directly to a dump stack.
Sealed bags o f w aste are loaded by hand into the charging system at one end o f the 
incinerator main cham ber. The lid  is closed and the w aste is fed into the cham ber by 
the action o f an hydraulic ram. Each charge is about 16 kg. The makers recommend 
a charging rate about 190 kg/h for a period o f 8 hours during the working day. The 
w aste rem aining in the m ain cham ber at the end o f  the w orking day burns down 
overnight under the action o f  a program m ed controller. The w aste has a high but 
variable ash content and the incinerator needs to be cleaned out at the start o f each 
working day. Loads are recorded against tim e by the operators. -
B O IL E R S
W aste  H e a t B o ile r
W hen the dam pers are set to pass com bustion gases from  the incinerator to the waste 
heat bo iler they pass th rough a vertica l duct 550m m  diam eter w hich passes through 
the 1st floor on w hich the boiler house is situated. This feeds through an elbow into a 
horizontal duct entering the bo iler fire  tubes by a chest on one side. The fire  tubes 
pass through the shell to a chest at the far end and return on the o ther side to an 
induced draft fan and vertical flue.
The boiler data are as follows:
M ake: A gaheat
Rating: 882 kg/h from and at 100®C (553kW )
B low dow n: m anual
A feedw ater m eter is fitted.
O th e r  b o i le r s
Three other boilers are installed in the same boiler house, all direct gas fired. They all 
feed into the sam e supply m ain as the w aste heat bo iler and the pressure regulators 
are set such that the waste heat boilers are used.
Data for each o f the three identical direct gas fired shell boilers are:
Make: Hartley & Sugden, Halifax 
Type: COS 6000
Rating: 2720 kg/h from and at 100°C (1-7MW'‘
Max pressure: 10 bar
A control panel fo r all bo ilers is fitted  in the b o ile r house, including  feedw ater 
m eters for these bo ilers.
H IST O R IC  DATA 
A v a i la b i l i ty  o f  w a s te
Records o f w aste arising  from  various sources w ere available on a w eekly basis for a 
period ju s t over one year. The num ber o f  bags taken away by the contractor.
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regarded as ex p o r t e d ^  w ere also listed. The total num bers o f  bags incinerated were 
available from separate records and these were added to the num bers exported to give 
the total a v a i l a b l e .  The m asses o f  m aterial incinerated  and availab le  were also
ta b u la te d .
The inform ation for 1987 was abstracted on a calendar m onth basis and is presented 
in Table I. The significance o f  the colum ns and m eans o f  calculating the figures are 
g iven  below .
A. C alendar m onth
B. Exported  w aste/kg: derives from  weekly figures
C  Exported waste/GJ: based on 15 M J/kg as derived from  trial
D. Gas required/G J: gas required in same ratio as for trial period (2 .39C)
E  Steam potential/G J: produced by 0.43(C + D)
F. Steam  p o ten tia l/tonne: assum ing 2.368 G J/tonne
G. Steam dem and/tonne: steam  dem and for sam e period based upon feedw ater
H. WHB steam  delivered/tonne: steam delivered based on WHB feedw ater
I .  Excess steam /tonne; steam  potentially available from all w aste, used and 
exported, less steam demand, ie steam available for CHP.
J. Additional gas cost/£: based on 29.6 p/therm (105.5 M J = 1 therm)
K. C ollection and incineration  cost/£: based on con tracto r's  charge o f £236/tonne.
A B C D E F G H 1 J K
1 JAN 908 13.62 32.55 19.85 8.38 238 131.8 0.00 91 214
2 Fffi 5710 85.65 204.70 124.85 52.72 192 118.7 0.00 574 1348
3 MAR 6290 94.35 225.50 137.54 58.08 161 127.5 24.78 633 1484
4 APR 5342 80.13 191.51 116.81 49.33 140 78.6 0.00 537 1261
5 MAY 8472 127.1 303.72 185.24 78.23 55.8 4.1 26.57 852 1999
6 JUN 7814 117.2 280.13 170.86 72.15 85.9 29.8 16.07 786 1844
7 JUL 21649 324.7 776.12 473.37 199.90 64.4 56.9 192.39 2178 5109
8 AUG 6330 94.95 226.93 138.41 58.45 85.8 81.9 54.55 637 1494
9 SS^ 11532 173 413.42 252.15 106.48 119 88.7 76.41 1160 2722
10 OCT 237 3.56 8.51 5.19 2.19 151 104.9 0.00 24 56
11 NCM 559 8.39 20.05 12.23 5.16 196 134.6 0.00 56 132
12 DGC 9775 146.6 350.43 213.73 90.26 159 88.2 19.16 983 2307
13 totals 84618 1269 3034 1850 781 1647 1046 410 8511 19970
T a b le  I H is to r ic  d a ta  a n a ly s is  
A l te r n a t iv e  d is p o s a l  c o s ts
C ollection, transpo rt and incineration costs w ere analysed fo r the w aste exported  in 
1987 and the average  charges w ere £ 147/tonne fo r co llec tio n  and tran sp o rt and 
£89/tonne for incineration . There did not appear to be a cheaper a lternative to this 
m ethod o f  disposal where the plant was unable to employ all the waste.
S te a m  g e n e r a t io n
The w aste heat bo iler is set up to be the lead boiler when on stream  so is used in 
preference to the three standard boilers. F igure 2 show s p lo ts o f the w eekly steam 
dem and and the steam  supplied  by the w aste heat bo ile r, the d ifference  being that 
supplied by the o ther three boilers.
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The maximum weekly steam consum ption measured in 1987 was 60 tonne. Rated at 1.7 
MW, each standard boiler is capable o f supplying 2.6 tonne/hour at the feed and stop 
valve conditions used. The rated weekly potential o f  the th ree standard boilers is, 
thus, 1310 tonne. This is equivalent to approxim ately 5616 tonne in a m onth or 23 
tim es the h ighest m onthly  consum ption recorded in 1987. C learly  the daily  load 
profile  is not constant and one bo iler m ust be allow ed to be idle for m aintenance at 
any tim e. It w ould be d ifficu lt to ju stify  the use o f  m ore than one m ain boiler 
how ever, in view o f the storage inherent in the shell type o f boiler.
The steam dem and and w aste heat boiler supply is replotted on a m onthly basis as a 
histogram  in Figure 3. The excess steam, available if  all the w aste were to be utilized, 
is shown alongside demand in Figure, 4. , The basis o f this plot is that used for the data
of Table I
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E L E C T R IC IT Y  CO N SU M PTIO N
The overall energy consum ption (ie gas and electric ity ) is show n in T able II for the 
whole site. It shows the maximum and average electricity dem and fo r each month. The 
highest values o f  m axim um  dem and are seen to  be in July and A ugust, suggesting that 
the a ir conditioning load is responsible for this. The average dem and does not follow a 
sim ilar pattern, the lowest value being in Septem ber and the h ighest February. There 
may be slight changes in m eter reading days so it is  not possible to be to definite about 
the average dem and varia tions.
month aas/therm aas/GJ elec/kWh elec/GJ MD/kW averaae/kV
Jan-87 37985 4007 262610 945 520 353
Feb-87 36537 3854 282360 1016 540 420
Mar-87 33324 3515 267120 961 510 359
Apr-87 23852 2516 272310 980 595 378
Mav-87 28374 2993 294030 1058 570 395
Jun-87 16675 1759 257510 927 680 358
Jul-87 14286 1507 278600 1002 680 374
Auq-87 14080 1485 259230 933 575 348
Sep-87 18078 1907 206310 742 520 287
Oct-87 22730 2398 266610 959 520 358
Nov-87 30190 3185 287670 1035 510 399
Dec-87 31028 3273 278920 1004 520 375
Jan-88 33831 2408 294790 1061 520 396
Feb-88 31272 3299 251530 905 520 361
T a b le  I I  E n e rg y  c o n s u m p tio n  o v e ra l l  
PE R FO R M A N C E  TR IA L S
The perform ance o f the incinerator and w aste heat bo iler was m onitored closely over a 
th ree-w eek period to determ ine the quantity  o f  w aste inc inera ted , gas and electricity  
com sum ption, steam  generation  and the associated  overall e ffic iency . A dditionally  a 
com prehensive trial was undertaken from 0800 to 2000 on one day to obtain sufficient 
data  to  de term ine , in te ra lia , the convection  and rad ia tio n  lo sses , the  com bustion  
chem istry, calorific value o f the waste, flue gas analysis, the daily incinerator and waste 
heat bo ile r perform ance profiles and the site  electric ity  consum ption.
C o n v e c tio n  a n d  R a d ia t io n  L osses
The heat losses from  the inc inera to r, w aste hea t b o ile r and associated  ducts were 
calcu lated  from surface tem peratures, am bient tem peratures and air velocities using the 
ASME Power Test Code for Steam Generating Units (1).
Convection losses are specified by
W
Q c  = As  1-946 (Ts - T o ) ' - 2 5 ( l  +  v / o . 3 5 ) 0 ' S ^ 2 K i - 2 5
Radiation losses are specified by 
Q r=  ^ s  E ofTs'^ - Tq'^)
w h e r e
Qc = convective heat transfer rate
Qr = radiation heat transfer rate
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As = surface area
Ts = su rface  tem perature
Tq = am bient tem perature
V = air velocity
e = em issivity
a  = S tefan-B oltm an constant
The em issiv ity  was taken as 0-5 for m etallic  p igm ent pa in ted  surfaces. The heat 
transfe r losses w ere calcu la ted  using the m ean surface tem peratures recorded during 
one hour in the  day 's trial when com bustion conditions were steady. The calculated 
losses are:
r a d ia t io n :  31.7 kW
convection  37.2 kW
to ta l  68.9 kW
W hilst th is heat loss could be reduced substan tia lly  by the in ‘:ta lla tion  o f  suitable 
lagging on the ducting system  (which accounts for over h a lf  the lOtal loss), this would 
result in m etal tem peratures g reater than the lim it fo r m ild steel.
S a m p le  c a lc u la t io n  o f  c o m b u s tio n  c h e m is try
An estim ate o f  flue gas losses and calorific  value had to be m ade since no way of 
sam pling such a heterogeneous collection o f w aste was possible. R esults w ere taken 
fo r the sam e hour during the one day's trial as for the heat transfer calculation . In 
order to estim ate the approxim ate com position o f flue gases from  the dry gas analysis 
readings, som e assum ptions need to be m ade about carbon: hydrogen: oxygen ratio of 
the fuel. It is not then necessary to m ake assum ptions about its w ater content which 
w ould be d ifficu lt to ju stify . It is assum ed that dry w aste approxim ates to cellulose 
( C 6 H i o 0 5 ) n .  The equation is set up for the known quantity o f natural gas used, taking 
th is as CH4 . F o r sim plic ity  the oxygen requirem ents fo r each com ponent is first 
evaluated  separately  and the equations are v - itte n  in km ol:
1 39 CH4 + 2-78 0 2  -> 1-39 CO2 +2-78H 20
b C6H 10O5 + 6b02 -> 6bC02 + 5bH20
c H2O -> CH2O
from excess air: z02  >
1-39CH4 -f bC ^H ioO g + (2-78 -f 6b + z)02  + ^  (2.78 + 6b + z) N2
-> (1-39 -f 6b) CO2 + (2 78 + 5b + c) H2 O 
79
•f ZÜ2 +2  2 (2-78 + 6b + z) N2
Corrected mass o f waste used in this time 
89-24 kg and hence
b((6 X 12) + 10 + (5 X 16)] + 18c = 89-24
i.e. 9b + c = 4-96
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Various ratios o f b to c will give possible solutions and these are tested against the dry 
gas analysis obtained to produce com patible values o f z (excess O2 ) and y (total N2 ) in 
flue gas. In this case the values z = 17.0, y= 81.8 correspond to the trial readings of flue 
gas analysis.
Energy in flue gas for this one hour period using
is given by:
c o n s t H i n ; n ; H i
k J /k m o l k m o l M J
02 5920 1 7 - 0 0 1 0 0 -6
OQ2 8150 3-35 2 7 - 3
N2 5723 9 1 - 4 9 5 2 3 - 6
H2O 6728 6-42 4 3 - 2
Z niH i 6 9 4 - 7
Energy to  steam  is obtained from  the m ass flow rate , in le t w ate r and outle t steam 
conditions to be 459 kW.
The energy from natural gas supplied is 344.4 kW 
Thus the overall energy balance is:
Heat transfer loss = 69 kW
Energy to steam = 459 kW
Flue gas loss = 193 kW
E nergy  g en era ted = 721 kW
Energy from gas supplied = 344.kW
Energy from  w aste by d ifference = 377kW
Thus the w aste energy equivalent to calorific value
37 7  X 3 6 0 0  
8 9  2 4
= 15 208 kJ/kg
This corresponds closely to value obtained by W allington and K ensett (3), 15MJ/kg, for 
NHS hospital waste. In view  o f  the  estim ated accuracy the rounded figure 15 M J/kg 
has been used in calculations.
S te a m  g e n e r a to r  e f f ic ie n c y
During a three-w eek period in February 1988 hospital s ta ff  took additional readings on 
form s supplied  by the authors th roughou t each  w orking  day ! so tha t the overall 
effic iency  o f  the  inc in era to r and w aste heat b o ile r cou ld  be determ ined . The 
perform ance derived from these readings was calculated  on a daily  basis The average 
perform ance throughout this period is sum m arised in T able  III . and the energy flows 
are shown on the Sankey diagram  o f Figure 5.
The duration o f  inc inera to r operation  each w orking day, inc lud ing  the bum  down 
period, was m easured from the chart recorder fitted to m easure the bo iler w ater feed 
tem perature. The m ass o f  steam  generated was ca lcu la ted  from  the feedw ater flow  
m eter after m aking due allow ance fo r blowdown. T his allow ance was calcualted from 
the average blow dow n tim e o f  6 m inutes each day at 6*2 b ar gauge, for a 20mm
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diam eter pipe using Energy Efficiency Office data (4). 
k g /d a y .
This indicated a loss o f 306
The efficiency varied  from  26.4%  to 53.2%  and the w aste burned from 283 to 907 
k g /d a y .
T a b le  I I I  P e r fo rm a n c e  o f  th e  in c in e r a to r  a n d  w a s te  h e a t  b o ile r  sy stem  
fo r  th e  th r e e -w e e k  p e r io d
R unn ing  tim e 
( in c lu d in g  b u rn d o w n ) 
In c in e ra to r  in p u t 
W aste
C alorific  value 
Gas consum ption  
C alorific  value
to n n e
M J /k g
m^
M J/m 3
281
1 5 -4 5  
1 5 - 0  
11 630 
3 7 - 8
E nergy  inpu t
W aste
Gas
E le c t r ic i ty  
W aste heat bo iler
GJ
GJ
GJ
1 8 2 -2
4 3 9 - 6
1 8 - 1
F e e d w a te r  t o n n e
B lo w d o w n  t o n n e
Energy output in steam GJ
O verall e ff ic ien cy  %
Typical flue gas (from 17 Feb 1988)
Mass flow rate 
Energy loss
A nalysis by volum e 
OQz 
CD 
02  
H2O
k g / s
kW
%
p p m
%
%
T ypical surface heat transfer loss rates
C o n v e c tio n
R a d ia t io n
kW
kW
1 1 2 - 4
7 - 0 4
2 7 1 -6 1
4 2 - 5 %
0 - 9 2
204
5.0 
49
13.0 
7.8
3 1 -7  
3 7 - 2
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Convection ic 
radiation loss
69.8 GJ
10.9 %
Cas
439.6 GJ 
68.7 %
Waste 
182.2 GJ 
28.5 %
Blow-down 
13.6 GJ 
2.1 %
Flue gas  
loss
,2 0 6 .6  GJ 
32.3  %
Bum—down 
ash
removal 
& other 
losses 
78 .4  GJ 
12.2 %
Steam generation 
271.6 GJ 
42.5 %
□ectriclty 
18.1 GJ 
2.8 %
F ig u re  5 S an k ey  d ia g ra m  fo r  th re e -w e e k  te s t  p e r io d  o f  w a s te  u n it
S te a m  G e n e ra t io n  E ffic ie n c y  a t  s te a d y  lo ad
From  read ings fo r the one hour chosen in e a rlie r  ca lcu la tio n s , the s teady -sta te
efficiency o f  steam  generation was calculated.
T em perature o f  gases entering  boiler = 750°C
leaving boiler = 220®C
Energy change in gases passing through bo iler
H in **out n i n ;A H  i
k J /k m o l k J /k m o l k m o l M J
02 23519 5920 17 0 0 - 2 9 9  2
Op2 34679 8150 3 3 5 -8  8 9
N2 22225 5723 91 4 9 - 1 5 0 9  7
H2O 26955 6728 6 4 2 -1 2 9 * 9
Zni AHi -2028
Rate at which energy is available to boiler;
2 0 2 8  X 1000
3600
Energy to steam
E fficiency o f energy conversion in bo iler 
459
= 563 kW 
= 459 kW
563 X 100 = 82%
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O verall efficiency o f  incinerato r and bo iler system  
459
100 = 64%
E l e c t r i c i t y
The m ain electric ity  m eters fo r the hospital were read hourly during the one-day test 
and an hourly load profile  p lotted. The variations on the average load w ere quite 
small with the exception o f the hour from 1100 to 1200 when it was about lOOkW above 
the average. The low est was only about 55kW  below the average.
PLA N T O PTIO N S
D uring the period w hen the space h ea ting  load is low  the dem and fo r low pressure 
steam , fo r use in  hum idifiers, k itchen equipm ent and fo r dom estic ho t w ater, can be 
m et en tirely  from  the com bustion o f w aste m aterial in the incinerator and w aste heat 
bo iler system . Currently, w aste in  excess o f  that required fo r steam  production during 
th is period , is exported from  the hospital site fo r separate d isposal by the contractor. 
The alternative  d isposal cost is a financial loss to the H ealth  A uthority  w hich is 
com pounded by the additional loss represented by the disposal o f  a potential fuel. In 
the year exam ined som e additional 410 tonnes o f  low pressure steam  could have been 
generated  from  the w aste exported for alternative disposal. The financial loss and 
disposal o f  po ten tia l fuel could be recovered provided tha t an econom ically  ju stified  
use can be m ade o f the excess low pressure steam generation. The total waste available 
in that year would provide a load factor o f 0-8 based on the rated consum ption o f the 
in c in e ra to r: 190kg/h , 8h /day ,
6 day/w eek.
In the sum m er m onths the air-conditioning load at the  H ospital is high. Two units
each with 3 vapour com pressors have been installed to provide chilled w ater at 6-5 ®C. 
The steam  generation  profile  throughout the year could, therefore , be harm onized to 
m eet the w in ter space heating  load and sum m er a ir-cond ition ing  requirem ent e ither 
b y ;
a . insta lling  a low  pressure steam  turbo-generator unit to produce electricity  for
use in the vapour-com pression units,
or, b. installing  an absorption cold generator unit to provide chilled w ater from  the 
excess steam .
The possible plant options are described below.
T u r b o - g e n e r a t o r  u n i t s
O p tio n  1 - B ack  p r e s s u r e  tu r b o - g e n e r a to r  w ith  s te a m  s u p p lie d  f ro m  th e
w a s te  h e a t  b o i le r .
This is shown schem atically in Figure 6 The unit capacity was selected to accommodate 
the m axim um  flow  rate available during steady state trial operation  o f  the incinerator. 
The design conditions were, thus, specified as
6.2 bar gauge; 0 95 dry; 700 kg/h.
Two types o f alternator are available. The synchronous macl^ine, which is se lf excited 
and can thus be used also as a stand-alone or em ergency generator, and the induction 
a lte rn a to r w hich requires separate excita tion  from an a lte rna tive  source, usually  the 
m ains supply. The price o f the latter type is substantially  less It is not envisaged that 
the tu rb o -g en e ra to r w ould be run as an em ergency  set and the in d uc tion  type
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alternator w ould, therefore, recom m ended in this case. Q uotations w ere obtained from
m anufacturers although one regarded the flow rate as insuffic ien t.
A m aker's design chart was used to evaluate the pow er output and overall efficiency of 
a turbine for option 1. The steam conditions at the w aste heat bo iler stop valve are 
7*2 bar, 0 95 dry (assum ed) w ith a flow  o f 700 kg/h. The turbine exhausts to the 
existing calorifiers at 1 bar.
isen trop ic  enthalpy drop 320 kJ/kg
pow er ou tpu t 18 kWe
tu rb o -g e n e ra to r  e f f ic ie n c y  , 28 9 %
Sm all b ackpressu re  tu rb in es  o f  th is  type  are norm ally  designed  to opera te  w ith 
m edium  pressure , superheated  steam  w ith the exhaust passed-ou t above atm ospheric
pressure to  process equipm ent.
flue gas
turbine
air
gas
waste alternator
waste heat 
boiler
Incinerator
colorifler
F ig u re  6 B a c k -p re s s u re  t u r b o - g e n e r a to r  a n d  w a s te  h e a t  b o i le r
O p tio n  2 - C o n d e n s in g  tu r b o - g e n e r a to r  w ith  s te a m  s u p p l ie d  f ro m  th e
w a s te h e a t  b o i l e r
The pow er o f the tu rbo-genera to r could be increased by exhausting  to a condenser 
under vacuum, Figure 7. Assum ing a typical exhaust pressure o f  0 2 bar then for the 
turbine used in option 1;
isen tropic enthalpy drop 
pow er ou tput
tu rb o -g e n e ra to r  e f f ic ie n c y
530 kJ/kg 
21 kWe 
2 0 .4 9 6
The pow er may be increased m arginally the exhaust steam  is at 0 2 bar, 60 ®C and is, 
therefore, no longer available for hot w ater heating in the calorifiers. A dditionally a 
cooling tow er will be required with option 2 to dissipate 450kW .
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F ig u re  7 C o n d e n s in g  tu r b o - g e n e r a to r  a n d  w a s te  h e a t  b o i le r
O p tio n  3 - B ack  p re s s u re  tu rb o -g e n e ra to r  w ith  s te a m  fro m  th e  w as te  h e a t 
b o i le r  s u p p le m e n te d  f ro m  th e  m a in  b o i le r s .
T he th ird  op tio n  in c lu d es the  su p p lem en ta tion  o f  th e  steam  g e n e ra to r  in  the 
inc in era to r and w aste heat bo iler un it w ith steam  from  the m ain gas-fired  boilers. 
This option is shown schem atically in Figure 8 A separate dum p condenser would be 
required as the calorifier capacity would be insufficient fo r m ost o f the year.
The sam e design chart fo r a single stage turbine indicates
isen tropic  enthalpy drop 
p lan t ou tpu t 
steam  flow rate 
tu rb o -g e n e ra to r  e f f ic ie n c y
320 kJ/kg  
100 kW e 
2808 kg/h  
40%
In this instance the overall efficiency may be calculated as 43%.
flue gas
waste heat 
boiler
turbine
air
gas
waste alternator
calorifier
incinerator
air
gas
' dump ^  
condenser
main boiler
F ig u re  8 T u r b o - g e n e r a to r  s u p p le m e n te d  b y  m a in  b o i le r s
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C h i l le r  p la n t  
E x is t in g  c h i l le r  p la n t
The ch ille r p lan t in sta lled  c lose to  the in c in era to r p lan t, com prises tw o iden tical
ch ille r units each provid ing  377 kW  o f cooling load w ith 117 kW  electrical input.
They supply seven air handling units.
A b s o rp t io n  C h i l le r  U n it
O p tio n  4. A b so rp tio n  c h il le r  u n it  w ith  s te a m  fro m  th e  w a s te  h e a t  b o ile r  
to  p ro v id e  c h ille d  w a te r  a t  6-S°C.
Steam  from  the w aste heat b o ile r may be used in the lith ium  brom ide and w ater
a b so rp tio n  re f r ig e ra tio n  cy c le  to  c h ill w a te r  fo r a ir  c o n d itio n in g , as show n
schem atically  in F igure 9. These units only require pow er to operate a m ultistage
pum p and pow er fo r  a coo ling  tow er to  p rov ide  coo ling  w ater to  the absorber
condenser. The la tte r w ill not be g reater than that required fo r vapour com pression
plant auxiliary  load displaced.
A single stage unit type, having a nom inal capacity o f 355 kW o f cooling, was selected.
flue gas
chilled
water
air
gas
waste
ngcool
water
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F ig u re  9 A b s o rp tio n  c h i l le r  a n d  w a s te  h e a t  b o ile r
O p tio n  5 B ack  p r e s s u r e  tu r b o - g e n e r a to r ,  a b s o r p t io n  c h i l le r  a n d  w a s te
h e a t  b o i le r
As a fu rther energy  recovery  opportun ity  a p lan t com prising  a w aste hea t bo iler 
supplying steam  to a turbine which exhausts to an absorption ch ille r was investigated. 
The turbine is as in option 1 and the chiller as in option 4. Hence the power output is 
18 kW e but the ch ille r cooling rate is reduced to 75 kW  since in let steam pressure is 
lower than when the ch iller alone is connected. The plant configuration is shown in 
F igure 10
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F ig u re  10 W a s te  h e a t  b o ile r  w ith  b a c k  p r e s s u r e  tu r b o - g e n e r a to r
e x h a u s t in g  in to  a b s o r p t io n  c h i l l e r
E C O N O M IC  A PPR A ISA L 
T u r b o - g e n e r a t o r s
The estim ated annual saving is based upon the price -curren tly  paid fo r the electricity  
which is d isplaced by that generated internally plus the saving through not • hav ing  to 
dispose o f some w aste com m ercially (£19 970 for the year concerned) less the cost of 
the extra gas used in the incinerator. In the case o f  option 3, using steam from the 
main boilers to supplem ent the flow and thus probvide 100 kW e for 10 hours a day, 350 
days a year, the extra gas required is subtracted as well. Only in this case is a saving 
in m axim um  dem and charge for electric ity  realised  since the w aste heat bo ile r only 
produces excess energy in the summer when there is a zero MD rate. For option 3 a 
dum p condenser is required because the ca lo rifie r load is insu ffic ien t to provide the 
coo ling  needed.
C h i l l e r s
The net electrical saving for existing chillers is added to the saving in w aste disposal 
costs and the extra incinerator gas cost is subtracted. F o r option  5 the electrical 
savings arise from pow er generation as well as chilling .
The results o f the appraisal are summarised in table IV
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Table IV Summary of options
O p tio n D e s c r ip t io n Estim ated 
Capital Cost
£
E s tim a ted
A nnual
S a v in g
£
S im p le
p a y b a c k
p e r io d
y e a r s
l a Back p ressu re  
tu r b o g e n e r a to r  w ith  
sy n c h ro n o u s  a l te rn a to r
40 745 12 050 3 3 8
l b Back pressure 
tu r b o g e n e r a to r  w ith  
in d u c tio n  a lte rn a to r
19 340 12 050 1 6 0
2 a C ondensing  tu rb o ­
g e n e ra to r  w ith  
s y n c h r o n o u s  
a l t e r n a t o r
43 245 12 447 3 - 4 7
2 b C ondensing  tu rb o ­
g e n e ra to r  w ith  
in d u c tio n  a lte rn a to r
21 840 12 447 1 7 5
3 Back p ressure  tu rb o ­
g e n e ra to r  w ith  
s te a m
s u p p le m e n ta t io n
-17 858
4 A b so rp tio n  c h ille r 31 000 16 062 1 9 3
5 A bsorp tion  ch ille r  w ith  
back p ressu re  tu rb ine 50 340 15 627 3 2 2
5 cost saving through avoidance o f  com m ercial w aste d isposal ou tw eighs o ther
term s in the equations for cost saving. For option 3 there is a negative payback 
because o f  the low therm al efficiency o f the cycle using low pressure saturated steam 
generated burning m ostly a premium fuel (natural gas). The extra cost in la  and 2a of 
a synchronous a lternato r is not ju s tified  as the hospita l has d iesel stand-by pow er 
p la n t .
CO N CLU SIO N S
It is apparent from  the w ork described  tha t the econom ics o f  p rov id ing  p lan t to 
reco v er the optim um  sav ings from  the com bustion  o f  h o sp ita l w aste  depends 
essentially on local circum stances. No two cases will give the same result. In the
system  investigated  the benefit o f  burning all the w aste  in -house ou tw eighed  the 
o ther factors, the cheapest p lan t w hich would achieve th is  w ould be the p referred
option. W ithin the usual range o f variation this could be either option lb  o r option 4. 
The la tte r  has v irtues o f  d irec tness and seasonal m atch ing  and th e  absence o f 
additional m achinery  could o ffe r m aintenance sav ings ov er the form er. As the
payback is fairly close, the longer term  higher savings would prove a bonus after the
first tw o years. No allow ance has been made for d ifferences in operato r costs since 
operators are em ployed throughou t the sum m er w hen low  flow rates o f  w aste are
currently  handled. There could be increased m aintenance costs from  som e o f  the
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plant options and these have not been quantified in this analysis. It w ould not be
expected to change the relative m erit o f  the options exam ined.
The effic iency  o f  incineration  p lan t operated  under d ifferen t conditions was found 
to vary considerably. A careful control o f operation o f this type o f  plant needs to be 
m aintained to  realise  the optim um  savings. In particu lar m onitoring and control to 
m inim ise the added gas to the incinerator could o ffér sign ifican t savings.
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